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GENERAL INTRODUCTION 


American Chemical Society Series of 
Scientific and Technologic Monographs 

By arrangement with the Interallied Conference of Pure and 
Applied Chemistry, wliich met in London and Brussels in July, 
1919, the American Chemical Society was to undertake the pro- 
duction and publication of Scientific and Technologic Mono- 
graphs on chemical subjects. At the same time it was agreed 
that the National Research Council, in cooperation with the 
American Chemical Society and the American Physical Society, 
should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American 
Chemical Society and the National Research Council mutually 
agreed to care for these two fields of chemical development. 
The American Chemical Society named as Trustees, to make 
the necessary arrangements for the publication of the mono- 
graphs, Charh^s L. Parsons, Secretary of the American Chemical 
Society, Washington, D. C.; John E. Tceple, Treasurer of the 
A.merican Chemical Society, New York City; and Professor 
Gellcrt Alleman of Swarthmore College. The Trustees have 
arranged for the iiublication of the American Chemical Society 
series of (a) Scientific and (b) Technologic Monographs by the 
Chemical Catalog Onnpany of New York City. 

The Council, ai'ting through the Committee on National Policy 
of the American Chemical Society, appointed the editors, named 
at the close of this introduction, to have charge of securing 
authors, and of considering critically the manuscripts prepared. 
The editors of each series will endeavor to select topics which 
are of current interest and authors who are recognized as author- * 
ities in their respective fields. The list of monographs thus far 
secured appears in the publisher’s own announcement elsewhere 
in this volume. 
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4 GENERAL INTRODUCTION 

The development of knowledge in all branches of science, and 
especially in chemistry, has been so rapid during the last fifty 
years and the fields covered by this development have been so 
varied that it is difficult for any individual to keep in touch with 
the progress in branches of science outside his own specialty. 
In spite of the facilities for the examination of the literature 
given by Chemical Abstracts and such compendia as Bcilstein’s 
Handbuch der Organischen Chcmic, Richter’s Lexikon, Ostwald’s 
Lehrbuch der Allgcmeinen Chemie, Abegg’s and Gmelin-Kraut’s 
Handbuch der Anorganischen Chemie and the English and 
French Dictionaries of Chemistry, it often takes a great deal 
of time to coordinate the knowledge available upon a single topic. 
Consequently when men who have spent years in the study of 
important subjects are willing to coordinate their knowledge 
and present it in concise, readable form, they perform a service 
of the highest value to their fellow chemists. 

It was with a clear recognition of the usefulness of reviews of 
this character that a Committee of the American Cliemical 
Society recommended the publication of the two scries of mono- 
graphs under the auspice's of the Society. 

Two rather distinct purjiGses are to be served by these mono- 
graphs. The first purpose, whose fulfilment will probably render 
to chemists in general the most important service, is to present 
tlie knowledge available u[)on the chosen topic in a readable 
form, intelligible to those whose activities may be along a wholly 
different line. Many chemists fail to realize how closely their 
investigations may be connected with other work which on the 
surface appears far afield from their own. These monographs 
will enable such men to form closer contact with the work of 
chemists in other lines of research. The second purpose is to 
proinote research in the branch of science covered by the mono- 
graph, by furnishing a well digested survey of the progress 
already made m that field .and by pointing out directions in 
which investigation needs tb be extended. To facilitate the 
attainment of this purpose, it is intended to include extended 
references to the literature, which will enable anyone interested 
to follow up the subject in more detail. If the literature is so 
voluminous that a complete bibliography is impracticable, a 
critical selection will be made of those papers which are most 
important. 
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The publication of these books marks a distinct departure in 
the policy of the American Chemical Society inasmuch as it is 
a serious attempt to found an American chemical literature with- 
out primary regard to commercial considerations. The success 
of the venture will depend in large part upon the measure of 
cooperation which can be secured in the preparation of books 
dealing adequately with topics of general interest; it is earnestly 
hoped, therefore, that every member of the various organizations 
in the chemical and allied industries will recognize the impor- 
tance of the enterprise and take suflheient interest to justify it. 
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PART I 

INTRODUCTION 

A brief statement regarding the aim of this t)ook, its subjfetat itS 
applications would seem in place. 

To the best of our knowledge, no attempt has hitherto been made to 
bring together within the comjMss of a single book, data i>ertaining solely 
to the chemistry of wood. ( )ur own attempt to develop a monograph on 
this subject therefore resembles a pioneering adventure. We have worked 
unhampered by trails or precedents, and if our volume contains (as it 
may) numerous errors of commission and omission, we feel that at least 
it serves to summarize the outstanding contributions on a subject that 
has received but scant attentnm in the United States. 

The results of purely scientific inve.stigations on wood chemistry have 
been stressed and we have attempted to point out the many gaps and loop- 
holes in our present knowledge. This has led us occasionally to indicate 
what new avenues of investigation might profitably be opened in the future. 
In the case of moot questions, we have attempted to present the experi- 
mental data and to discu.ss the viewpoints of the various investigators open- 
mindedly. On the other hand, we have consistently attempted to diflFer- 
entiate between spec ulat loti and im'cstujation. 

Every effort has been made to show that the chemistry of wood is a 
live and rapidly growing field of investigation and that researches in this 
field are of fundamental importance to biology and to industry. How- 
ever, we have made no attempt to write chapters on the practical phases 
of chemical wood utilization and the reader must not look for detailed 
descriptions* of industrial ]>rocesses. ( )ur task has been approached in 
what we trust is a critical but constructive spirit. While we are glad to 
acknowledge our indebtednes.s to such standard works as Czapek’s “Bio- 
chemie der Pfianzen” and Schwalbe’s ‘‘Chemie der Cellulose” (and to a 
number of other books referred to in appropriate places in the text), most 
of our material has been culled directly from the original sources in the 
literature. Not infrequently wc have given, in detail, methods arjd data 
accumulated during the past 12 years by the United States Forest Products 

Laboratory. ^ i v r 

Most of the sources referred to above were reviewed critically before 
they were summarized and incorjxorated into the monograph. It is a com- 
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mon and very human failing among certain investigators to draw sweep- 
ing conclusions on the basis of very meagre ex[)erimental data. In the 
field of forest products, some excellent chemists and technologists have 
occasionally erred in this way. Hence we have been led to examine 
critically the experimental ))arts of numerous articles before accepting 
the author’s conclusions. 

The difficulties in presenting some of our material in coherent and lucid 
form at first api>earecl baffling and almost insurmountable. As an example, 
the two cha])ters on lic/nin were outlined and reoutlined, written and re- 
vised several times before they even approximated a satisfactory exposi- 
tion of a subject that has been l)efogged in sjxjculation and bandied to 
and fro in an endless series of jx^lemics anrl debates. We present them, 
now, with a certain degree of temerity but without apology. We have 
tried to make our monograph useful, suggestive, and stimulating, rather 
than all inclusive. We deliberately omitted many references to articles 
on wood chemistry which were not germane to the subject or which pre- 
sented the opinions of the author rather than his experimental results. 

It is not an easy matter to define, delimit, or even to explain the term 
‘Voody j)lant.’’ The dendrologist, whose function it is to study the 
taxonomy (jf woody plants, has realized this and has approached his task 
with the proper care and mental reservations.^ 

Those woody plants which arc of distinct economic value form a part 
of the plant sub-kingdom known as the spermatophytes. These sj^ermato- 
phytes include all seed plants and the sub-kingdom is divided further into 
two classes : 

1. The Gymnos[x;rms 

2. The Angiosixjrms. 

The gymnosperms have seeds which are not borne in an ovary. They 
include the coniferous trees (the softwoods). The angiosperms have seeds 
which are enclosed in an ovary. They include the deciduous, trees of the 
temjxjrate zones (the hardwoods). It is not within our sphere to discuss 
the use of the terms “softwoods” and “hardwoods” further than to say 
that the names do not always adequately suggest the physical properties 
of the wood of these trees. 

Woody plants live on perennially Furthermore they possess spe- 
cialized conducting tissue (also known’ as vascular tissue) . The woody part 
of thi? tissue (xylem), as it matures, undergoes certain physicochemical 

^ Cf. H. P. Brown, “Trees of New York State, Native and Naturalized,” Tech- 
nical Publication of the New York State College of Forestry No. 15, pp. 9-20 
(1921), from which a part of this material has heim taken Our thanks are due 
to Dr. Brown for a very careful reading of this portion of the introduction. 
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changes that have been grouped together under the obscure, collective term 
“lignification,” of which we shall have more to say in Chapter 3 of Part II. 
The process of lignification causes cell walls to become strengthened and 
hardened and all woody tissues become more or less lignified, soon after 
the cells have reached their ultimate size. While lignification is not limited 
to woody plants, these plants possess more lignified tissue than do 
herbaceous plants and hence may be characterized in this way. 

Were it not for this process of lignification, the woody plant would 
be unable to support an aerial axis (or stem) which grows and persists 
from year to year. In trees this stem is generally six)ken of as the bole or 
the trunk. We can think of this bole as being made up of three parts 
which are unlike : the pith, the wood and the bark. The pith forms a nar- 
row cylinder of soft tissue running vertically through the central part of 
the stem. The outside of the stem is covered with bark, and l^etween 
pith and bark lies the wood (or xylem).^ 

Through the activity of a growing layer (known as the cambium) 
typical woody plants have the means of thickening their stems. The 
cambium separates the last layer of wood from the bark of the tree and 
gives rise to new bark and to new wood annually. The woody tissue aris- 
ing from the cambium is termed secondary wood, and this is (from the 
technological standpoint) the most important part of the stem.® It is the 
chemistry of this secondary wood that forms the subject matter of this 
book. 

If we should make a cross-section of the bole of a tree (grown in a 
temperate region) we would find the formation of secondary wood indi- 
cated by a series of concentric bands (usually known as annual ritiffs). 
Each individual ring con.sists of two parts (1) an inner part toward the 
pith, termed the springiuood, and (2) an outer part toward the bark, 
known as the summerroood^ The springwood (or “early wood”) is the 
lighter, and is usually made up of thin walled cells with relatively large 
openings. The summerwood (the late wood) frequently has a denser 
structure with thick walled cells and much smaller openings. 

During the growth of the tree the peripheral layers of the wood (i.e. 
tho.se nearest the cambium) contain a large proportion of living cells and 
these layers (since the movement of sap takes place within them) are 

* Cf. C. J. Record, “Economic Woods of the U. S 2nd Edition, John Wiley & 
Sons (1919), Part I For a more complete description, cf Fames and MacDanicls 
“Introduction to Plant Anatomy,” McGraw-Hill (1925), Chapter I. 

* In trees ihc primary ivood is conligiious to the pith and is so restricted as to be 
negligible 

*We have made no attempt to give the distinctions between the springwood and 
summerwood of gymnosperms and the characteristic differences between early and 
late wood in the nng-porous and diffuse porous angiosperms For such descriptions 
cf. Record’s “Economic Woods of the U. S.,” pp 40-41, and Koehler, “Properties 
and Uses of Wood/' pp. 8 and 15, McGraw-Hill Book Co. (1924). 
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grouped together under the convenient term sapwoad. The wood nearer 
the pith, which has lost its physiological activity and performs a purely 
mechanical function, is termed heartwood. This is often darker and 
heavier than sapwood and not infrequently contains an accumulation of 
extraneous substances. There is no evidence of increased lignification in 
passing from sapwood to heartwood. (This is substantiated in the main 
by analytical data in Part III, Chapter 6.) 

Wood is by no means a homogeneous substance. It has a fibrous struc- 
ture and is made up of cells which in cross-section present a characteristic 
porous appearance. Interdependence of these cells (at least originally) 
is indicated by the fact that they have a common medial layer (known as 
the middle lamella) upon which secondary layers are dejxisited, and also 
through the presence of pits or thin places in their walls. The middle 
lamella may be looked upon as a cementing layer which binds together 
adjoining cells. The chemistry of the middle lamella has recently been 
reinvestigated.® Each cell has, as components of the secondary layer of 
the cell wall, substances that have never been clearly defined but which 
include cellulose, polysaccharides other than cellulose, and lignin. These 
comiX)nents will be discussed from the chemical standpoint in Chapters 
1-4 of Part II. The cell wall encloses a lumen or central cavity which 
usually contains extraneous material, since this cavity functions in the 
transportation of food and water, in the storage of food, etc.® 

Woody tissue includes diflferent tyj)es of cells which the botanists 
term elements. Two general types exist: 

(1) The prosenchymatous elements. 

(2) The parenchymatous elements. 

The prosenchymatous elements function in part in conducting water 
and dilute aqueous solutions, in part in imjxirting strength and toughness 
to the wood. The parenchymatous elements aid largely in the conduction 
and storage of carbohydrate food materials elaborated by the plant.^ The 
wood of angiosperms is more heterogeneous than that of the gymnosperms. 

We have mentioned this heterogeneity of wood since (in the case of 
hardwoods) the chemist has worked almost exclusively with wood sub- 
stance in its entirety. lie has not been able to dissect out and examine 
chemically elements of a given type. In other words, he knows very 
little about the chemistry of the respective (botanical) elements as found 
in woods.® He has an easier problem perhaps with the softwoods which 

“Cf. Chapters 2 and .3 of Part IT 

• Extraneous substances of wood arc discussed and defined in Chapter 5, Part II. 

’For a description of the microscopic structure of wood, cf. Chapter 1, Part V. 

* Some sixty years ago, Fremy, a French chemist, made the attempt to separate 
and examine these various (botanical) elements, but his results were unsatisfactory. 
Cf. Chapter 3, Part II. 
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possess fewer kinds of elements and which may be chemically treated so 
as to remove nearly everything except the tracheids (prosenchymatous 
elements). However, here too we have no comparative data on the chem- 
istry of coniferous tracheids in couiparison with that of ray or longitudinal 
parenchyma (parenchymatous elements). The reader must bear this in 
mind when he approaches the study of the chemistry of wood. 

One other fact may be emphasized. In the present volume we are 
dealing with the chemistry of wood, a product that has already been elabo- 
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rated by the plant. Our subject, then, is static, not dynamic. We shall 
have little to say about the mechanism of growth nor shall we discuss in 
much detail the synthesis of the various components of wood. While we 
realize the fundamental importance of the field from which we are delib- 
erately turning aside, we feel justified by the knowledge that this is 
unexplored territory. Synthetic enzyme reactions dealing with the forma- 
tion of substances in the cell walls of plants have not been studied. 

Although we have disclaimed any attempt to discuss the chemical util- 
ization of wood from the standpoint of the technologist, it appears quite 
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proper to make a passing reference to those chemical industries (present or 
potential) which depend on wood, wholly or in part, for their raw material. 

Destructive distillation ® is used in converting hardwoods like beech, 
maple and birch into methanol, acetic acid, acetone, charcoal, and tar. 
While the industrial manufacturer of methanol, up to two years ago, used 
wood as his sole raw material, synthetic methanol can now be prepared 
from carbon monoxide and hydrogen reacting under high pressure in con- 
tact with suitable catalysts.^^* In 1924, 48 gallons of methanol were im- 
ported into the United .States. During the first ten months of 1925, the 
imports totalled very nearly 42^,000 gallons?^ The full effect of synthetic 
methanol production on the future of the wood distillation industry is still 
a matter of conjecture. 

Formerly the industrial ])rci)aration of oxalates dej^nded almost en- 
tirely on the fusion of wood waste with alkali.^ “ The more modern com- 
mercial method, however, involves the dehydrogenation of sodium formate 
with the formation of sodium oxalate. 

The acid hydrolysis of wood gives rise to simple sugars, which permit 
the use of partially hydrolyzed wood as a cattle food and in the production 
of ethanol.^® These industrial applications have not been exploited to any 
great extent in the United States. 

The delignification of wood,^* however, plays an enormous role in the 
production of chemical pulp. Wood pulp forms an important raw ma- 
terial of the paper and rayon (artificial silk) industries and promises to 
become increasingly important in the production of cellulose nitrates, 
acetates and ethers, and in the formation of sjxicialized products like vul- 
canized fiber, cellulose wool (“sniafir') and hydrated cellulose films (“cello- 
phane*'). In some industries the use of wood pulp runs pcirallel to that 
of cotton, the relative amounts used as raw material dei>ending on eco- 
nomic conditions in the country in which the production is being carried 
out and on the availability of the raw material. As an example — in Ger- 
many during the war a high grade of wood pulj) was used in the manu- 
facture of explosives. In the United States cotton formed the only im- 
portant raw material used in the production of the higher celluhxse nitrates. 

The chemical changes, the commercial aspects of which are briefly re- 
ferred to above, deal largely with the alterations taking place in the cell 
walls of wood. The components of wood which are not properly a part 
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of the cell wall also play a role in industry. Such components include the 
tannins, resins, dyes (or their precursors), essential oils, gums, alkaloids, 
etc., all of which must be considered chemical products of the tree. As a 
specific example of the utilization of such products, we might refer to long- 
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leaf pine wood which when extracted and distilled with steam, yields wood 
rosin and wood turpentine.^® 

A number of extraneous substances are found in tropical woods and 
some of them serve to characterize the wood. The chemical exploration 
of these compounds which has just begun, should furnish a rich and 
fascinating field for the investigator interested in applied organic 
chemistry. 

“ Cf. Qiapler 5. Fart II. 





PART II 

CHEMICAL COMPONENTS OF WOOD 
Chapter i 

Cellulose, the Principal Component of the Cell Wall 

Ever since Payen’s discovery that woody tissue contained a resistant, 
insoluble polysaccharide (C6llio08)n, — “cellulose”^ — this substance has 
been recognized as the characteristic component of the cell wall. Yet the 
use of the term “substance” might be challenged. Cross and Bevan, on 
the first page of their monograph “Cellulose,” state: “There are, as might 
be expected, many varieties of cellulose and the term must be taken as 
denoting a chemical group.” They continue by describing this group of 
substances as insoluble in the “simple solvents, generally, but variably 
resistant to oxidation and hydrolysis, and having the empirical composi- 
tion “CBH 2 mOm.’* Cross and Bevan thought of celluloses from different 
sources as chemically related but by no means identical substances. Thus 
a cellulose isolated from spruce wood, which was admittedly different in 
its physiccH properties from cellulose obtained from the seed hairs of the 
cotton plant, was also considered chemically different from cotton cellulose. 

Schwalbe in his “Chemie der Cellulose” evidences this same point of 
view. He speaks of celluloses (celhiJosearteii) and evidently thinks of a 
number of chemically different celluloses. Schorger ^ in commenting upon 
the “pentosan content of cellulose” states that differences here ix)int to 
“distinctly different kinds of cellulose.” 

This general viewpoint has persisted during the past decade. How- 
ever, a recent book by Heuser ® offers a new working hypothesis. Heuser 
points to recent experiments which have shown that certain cellulose frac- 
tions isolated from straw, wood, and cotton are chemically very similar, 
provided sufficient purification has been u^ed.^ He therefore suggests that 

'The early work on isolation of wood cellulose is briefly reviewed in Chapter 3. 
Analytical data on cellulose are given in another chapter, 

* Trans. Wisconsin Acad. Sci Arts, Letters, 19, II, 734. 

'"Textbook of Cellulose Chemistry," translated from the 2nd German edition by 
West and Esselen, 1924. 

‘Irvine has also recently shown that one of the polysaccharides of esparto pulp 
is chemically identical with cotton cellulose. 
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there is only one type of cellulose, and that this is the same chemical 
individual in all plants. Ileuser’s hypothesis has been tentatively accepted 
by a number of investigators. Others have rejected it. 

There are, then, two schools of thought with regard to the chemistry 
of the cellulose of woody tissue. It is because of these divergences of 
opinion that one investigator may report the presence of 60 per cent of 
cellulose in a certain wood while another equally capable analyst may report 
less than 50 per cent of cellulose for the same species. However, these 
differences in point of view are often not as great as might be expected. 
They are due in part to differences in interpretation and in the definition 
of the word “cellulose.” 

There are a number of polysaccharides intimately associated with each 
other in the cell wall and some of these jxjlysaccliarides show similar phys- 
ical properties. If we term these collectively “cellulose,” then undoubtedly 
the “celluloses” obtained from different kinds of woody tissue must be 
considered chemically different. If, however, we recognize that a certain 
(variable) portion of these polysaccharides in all tyjxis of woody tissue 
is very similar to (if not identical with) cotton cellulose, Heuser’s 
hypothesis of the chemical identity of all celluloses of the higher plants 
becomes understandable. 

Before discussing the nature of wood cellulose further, it may be 
well to review briefly the properties of cotton cellulose, which in its puri- 
fied form serves as a standard with which other forms of cellulose have 
been compared,® Cotton cellulose has the comix^sition (CellioOr.) j., con- 
tains three alcoholic hydroxyl groups for every six carbon atoms (as 
shown by its trimethyl derivative and its triacetate), and on complete 
hydrolysis yields only d-glucose. Acetolysis yields cellobiose octaacetate 
and glucose pentaacetate. M ethylation followed by hydrolysis gives a 
very high yield of a definite compound, 2, 3, 6-trimethyl glucose. On 
the basis of these reactions, it has been assumed that the cotton cellulose 
molecule (or “unit”) is made up solely of anhydroglucose residues of the 
type: 



_O.C — CH(OH).CH(OH).C— C — CH 2 OH 
H H H 

(1) (2) (3) (4) (5) (6) 

joined through positions (l)*and (5),® and that the anhydrocellobiose 
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grouping: 



' O 


must occur in cellulose/ 

There is at present, however, no definite agieement regarding the limit- 
ing yield of cellohiose ^ that may be obtained from cotton cellulose. 
Investigators are by no means in accord when called upon to decide whether 
or not the cellulose molecule is made up entirely of cellobiosc residues. 

Different hy)>otheses regarding the size of the cellulose molecule have 
also apjiearcd in the cellulose literature. Views on this subject may be 
briclly summarized as follows: (a) a relatively enormous molecule made 
111) ^ great number of aiihydrodextrose residues,**’ many of which go to 

make u]) the anhydrocellobiose linkages*^ referred to above; {h) a large 

glucose apparently has the 6 or amylene oxulo structure This requires a funda- 
mental revision of tlie constitutional formulas suggested for cellulose, which would 
then contain the (revised) anhvdrocellohiose linkage 


HOCTla.ClI Cli.CllOTI.ClIOII CH.O 
(6) (5) I (3) (2) (1) / 

0 (5) / (3) (2) (1) 

1 HOCIT,. Cll . CH . CHOI 1 . CHOII . CH— 

(6) I (4) I 

' This is denied by only one recent investigator and his collaborators. Cf. Hess, 
Wcltzien, and Messmer, Ann, 435. 130 (1923), who claim that cellobiose may be a 
secondary product of acctolysis. 
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aggregate made up of comparatively small units, each one of which contains 
the anhydroglucose linkage a relatively small number of times. The units 
are held together in the larger aggregate by means of secondary 
valence ^ or in some similar way which is not yet fully determined. 
From the work of Herzog and his co-workers it appears that the cellulose 
aggregate is crystalline. 

The viewpoint outlined under (a) although still held by individual in- 
vestigators, has been largely displaced by that referred to under (b). Just 
what the constitution of the individual cellulose unit really is, still forms 
the subject of extended debates which are given in another monograph. 

Most investigators then, are agreed that the cotton cellulose aggregate 
is composed of a relatively large number of small units held together by 
forces which, for the lack of a better name, may be referred to as secondary 
or auxiliary valences. A crude but rather useful picture of such an 
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hypothesis is given in Fig. 3. The cellulose units may be likened to bricks 
in a thick wall, the cellulose aggregate. The mortar between these bricks 
would represent the secondary valence. If the units (bricks) remain un- 
disturbed, but the secondary valence (mortar) is tami>ered with, changes 
in state which are so characteristic of cellulose are noted. The individual 
units or blocks of these units become more or less separated from each 
other, and a greater .surface area is exposed (Fig, 4). Adsorption, which 
invariably precedes swelling of cellulose, affects the secondary valence. 
Swelling does not chemically change the little cellulose units ; it disturbs 
the aggregate as a whole. For example, in the swelling caused by the 
mercerization with alkali, after washing with water, dilute acids (and 
water), and drying, cellulose shows increased hygroscopicity and an en- 
hanced power of adsorbing substantive dyes, etc. These properties are 


“Karrer, Helvetica Chim. Acta, 4, 811 (1921); Karrer, Cellulose chemie, 2, 127 
(1921). 

“Esselen, /. Ind. Eng. Chem., 12, 801 (1920); see also Minor, Paper, 25, 700 
(1919). 

’ Hess, etc., loc. cit. 

CeUulosechemie, 2, 101 (1921), Naturwissenschaften, 8, 673 (1920). 

'^Herzog and Jancke, Ber., 53, 2162 (1920). 
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accounted for in our hypothesis by the increased surface area when the 
units become partially separated from each other. Hydration due to 
mechanical beating of cellulose with water, and the hrst stages in the 
disintegration of cellulose by means of acids may be similarly explained. 
Complete peptization of cotton in cuprammonium solutions, zinc chloride, 
and other so-called cellulose solvents, involves a complete disintegration 
of the cellulose aggregate, with more or less complete separation of the 
cellulose units from one another. When cellulose is precipitated in 
“hydrated” gelatinous form from some of its sols, the bricks of the original 
wall are probably in large measure intact. They approach each other, but 
they no longer present the same orderly arrangement which was mani- 
fested in the original cellulose aggregate (wall). This is indicated by the 
changes in such substances as viscose. 

A dififerent picture obtains when the little units themselves become sub- 
ject to chemical attack. Such attack often follows the i)artial or complete 
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disintegration of the cellulose aggregate (the wall). It is then that the 
primary valences within the cellulose units are disturbed. Hydrolysis, 
acetolysis, and oxidation of cellulose are examples of such attack. Partial 
hydrolysis — usually referred to under the obscure term “hydrocellulose” 
— would mean the hydrolysis of a fraction of the number of units origi- 
nally present in the aggregate. A similar picture would obtain in the case 
of partially oxidized cellulose (oxycellulose). In either case the partially 
hydrolyzed or oxidized material may be held in the aggregate consisting 
in part of unchanged cellulose units. 

In practice these two types of changes cannot be readily distinguished 
from each other. It is almost impossible to drastically alter a cellulose 
aggregate, by meddling with secondary valence, without causing some 
chemical change in at least a few of the cellulose units. When the sur- 
face area is increased, the chemical resistance of the unit is weakened. 
This must be borne in mind in seeking to interpret any analytical data 
in connection with cellulose. 
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In general, wood cellulose is a residue remaining after more or less 
drastic treatment of wood to remove lignin and some of the carbohydrates 
other than cellulose. Such treatment may involve the preparation of 
chemical pulp by any one of the three well-known processes, or, if the 
isolation is analytical, may cause the removal of lignin by alternate treat- 
ment of the finely divided wood with chlorine and sodium sulfite. In 
the United States, at least, the term ‘‘wood cellulose” has generally 
referred to the residue isolated by a chlorination method. 

The residue when subjected to further purification, such as digestion 
with cold alkali and careful washing with water and acid, has been termed 
“alpha” cellulose. The soluble portion removed from a-cellulose may 
be separated further into two fractions, the one precipitated by acids and 
arbitrarily termed ^-cellulose ; the other remaining dissolved after such 
treatment and termed yccllulose. To the best of our knowledge neither 
of these fractions from different woods has been critically investigated. 
Alpha wood-cellulose, as defined, possesses the following properties in 
common with those of cotton cellulose: 


1. It may be hydrolyzed almost quantitatively to rf-glucose. The rate 
of hydrolysis after peptization of the cellulose is nearly identical with that 
of cotton cellulose.*^ 


2. On acetolysis it yields celloliiosc octaacetate, in amounts very similar 


to those obtained from cotton.^® 


Wood from Which a-Cellulose 
Was Isolated 


Percentage Yield of 
Ccdlobiosc Octaacetate 
Obtained (Based on 
Theoretical Calcu- 
lations) 


Sugar pine (Finns lambcrtiana) 25 8 

Longleaf pine (Finns palnstris) 33 0 

Red spruce (Ficca rubens) 27.4 

Spruce (Sulphite pulp) 30,3 

Red cedar Onniperns znrt/iniana) ... 26 9 

Beech (Faijns amcricana) 32.9 

Hemlock (Tsuga canadensis) 24 7 

Sugar maple (Acer saccharum) 29 2 

White oak (Qnerens alba) 25.7 

Cotton 35 4 


3. It shows a crystalline structure practically identical with that of 
cotton cellulose.’® 

4. On nitration for industrial purposes, it yields nitrates very similar 
to those of cotton cellulose.’® Acetylation of cotton or wood cellulose yields 
very similar cellulose acetates, in nearly identical amounts.’^ 

**Schorger, /. Jnd. Eng. Chem , 9, 563 (1917) ; Dore, ibid., 12, 266 (1920). 

” Heuser and Boedeker, Z, angeiu. Chem, 34, 461 (1921); Heuser and Aiyar, 
ibid, 37, 27 (1924). 

“Wise and Rus.sell, Ind. Eng. Chem., 15, 815 (1923). 

“Loc cit. 

“Schwalbe, Z. angew Chem., 27, 662 (1914). 
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5. When equal amounts of purified cotton cellulose and wood cellulose 
are dissolved, each in a definite volume of cuprammonium solution under 
carefully standardized conditions, the specific rotations of these two solu- 
tions are practically identical.^" Thus a cuprammonium solution of cotton 
representing four molecules of cellulose to ten molecules of copper per 
100 liters of solution, showed a = — 3.36°. Under similar conditions a 
solution of wood cellulose showed a = — 3.29°. 

These facts taken by themselves might argue for the identity of cotton 
and wood cellulo.se, were it not for the following disconcerting data. Alpha 
cellulose from coniferous woods has been shown by Sherrard and Blanco 
to yield small but appreciable quantities of mannose on hydrolysis. Wood 
cellulose isolated from the angiospcrfits when carefully purified still con- 
tains .small amounts of furfural-yielding substances, or substances related 
to furfural,^® and to a les.ser degree this is also true of cellulose separated 
from conifers. 

Another argument against the identity of wood and cotton cellulose 
has been advanced on the basis of the absence of so-called y-cellulose from 
purified cotton, and its presence in appreciable quantities in the cellulose 
obtained from wood.^^ 

In the opinion of the writers, however, analytical data regarding 
y-cellulose have no vital bearing on the true nature of wood cellulose. The 
term “y-cellulose” refers to a fraction, of very uncertain identity, obtained 
in a convenient but arbitrary analytical procedure, which has never been 
correlated with i)roblenis on the constitution of cellulose. It has been 
shown that conditions of chlorination iiiflueiue the amount of cellulose 
very considerably in the .same .samjile of cotton or wood cellulo.se. Suc- 
cessive chlorinations, while they do not ai>])reciably aflfect the total cellulose 
content, serve to decrease the iiercentagc of a-ccllulosc.^’ (Table I.) 

TABLE I 

Effect of Repeated Chlorinahon on (Ti.ii iose Contfnt of Cotton and Spruce 


Per Cent Cotton Spruce Pulp 

“Total cellulose” after .single chlorination . . . 98 1 96.2 

“Total cellulose” after four chlorinations . ... 96 9 94.7 

“Alpha cellulose” after treatment of original .sample with 

NaOH (17.5 per cent) .. - 97 2 80.8 

“Alpha cellulose” after one chlorination 918 76 2" 

“Alpha cellulose” after four chlorinations 83 5 68.7 


This would mean an increase in the [3 or y-ccllulose content or in both. 
It would appear, therefore, that (3 and y-cellulose may actually be consid- 

■He. 5 S, Z. angew. Client, 37, 996 (1924). 

“Sherrard and Blanco, /. Am. Chem. Soc., 45, 1010 (1923) 

“Wi.se and Russell, loc. rit ; also Schorger, loc cit 
"Mahood and Cable, J. Ind. Eng. Chem , 14, 727 (1922). 

"Wise and Russell, /. hid. hng. Chem, 14, 285 (1922). 
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ered, in part at least, derivatives of the original cellulose. They may be 
produced during the chlorination, and are not necessarily part of the origi- 
nal cellulose aggregate. Needless to say, the formation of alkali-soluble 
cellulose (p and y-cellulose) would depend in no small measure on the 
physical condition (state of aggregation) of the original cellulose. In the 
case of celluloses which have undergone drastic treatment prior to the 
cellulose analysis, whether this treatment is due to the action of molds or 
to a chemical process, lessened resistance to oxidation might be expected, 
and consequently less <x-cellulose and correspondingly more (5 and y-cellulose 
in the residue after chlorination. In other words, there is at present no 
eMence that P or y -cellulose are necessarily components of the origfy^ 
material from which cellulose has been isolated. 

The question now arises — can these other data be brought into har- 
mony in the formulation of an hypothesis regarding the constitution of 
wood cellulose? It must be assumed at the outset that the wood-cellulose 
aggregate is a very variable one. It is doubtful whether the same investi- 
gator can succeed in isolating the identical aggregate from the same sample 
of wood in two successive exi)eriments. This docs not mean that the great 
majority of units in such an aggregate (in the case of alpha wood cellulose) 
may not be identical with the units in cotton cellulose. 

If this is true, the minority units— i.e. those chemically not identical 
with the cotton-cellulose unit — which perhaps make up a part of the wood- 
cellulose aggregate, might reasonably be considered the units of those 
carbohydrates which become intimately associated with the cellulose units 
during the growth of the cell. The fact that some of these adsorbed carbo- 
hydrates remain closely associated with the cellulose, even after drastic 
treatment, when (so-called typical) ijentosans, mannans, etc., are dissolved 
or destroyed by such treatment, is not out of harmony with our general 
knowledge regarding changes in the properties of substances following 
adsorption. Purification of wood cellulose always involves the attempted 
removal of extraneous material with the minimum change in the cellulose. 
On the other hand, it does not i)ermit the true solution and reprecipitation 
of cellulose under conditions which might facilitate the removal of ex- 
traneous material, and it is common knowledge that solids held by gelat- 
inous precipitates may be exceedingly difficult to remove and that in the 
past, solid solutions have often been mistaken for chemical compounds. 
Taking these facts into consideration, and realizing that cotton and wood 
cellulose have many chemical proj^erties in common, it appears reasonable 
to formulate an hypothesis for the structure of wood cellulose which is 
very similar to that advanced for cotton cellulose. In the case of the wood- 
cellulose aggregate (the wall), most of the units (bricks) appear to be 
identical with those in the cotton-cellulose aggregate. Varying amounts, 
and varying types of other units, however, may also be present in the 
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wood-cellulose aggregate, such units becoming associated with the cellulose 
units during growth. Fig. 5 gives a diagrammatic picture of wood cellu- 
lose. Again we have the typical cellulose bricks in the cellulose wall held 
together by secondary valence mortar, but besides we have a smaller num- 
ber of other units — mannans, pentosans, or any other type of polysac- 
charide than can conceivably be formed during the growth of the wall. The 
number and type of these foreign units depend on the conditions of cell 
growth, and also on the purification to which the wood cellulose has been 
subjected. The hypothesis naturally accounts for any mannose that may 
be found in the hydrolysis mixtures obtained from the cellulose of conif- 
erous woods. It also explains the presence of furfural-yielding substances 
in the a-cellulose isolated from wood. 

From such an hypothesis we would exi>ect the purified wood -cellulose 
aggregate to manifest a behavior similar to that of cotton cellulose in 
cases where the secondary valences are disturbed. Furthermore, we would 
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expect reactions akin to those of cotton cellulose when wood cellulose is 
subjected to hydrolysis, oxidation, esterification, and acetolysis. As a 
matter of fact, the proi:)erties of wood cellulose closely approximate those 
of cotton cellulose, and apixiar to be in harmony with the hypothesis. 

Whereas the foregoing should be taken only as a working hyixithesis 
(and the brick-wall analogy should not be taken too literally), it appears 
more readily acceptable than one which admits the^possibility of a different 
cellulose unit for each si^ecies of wood. Furthermore, it agrees with the 
more modern viewpoint on cotton cellulose. Its flexibility is apparent, 
since it accounts siatisfactorily for any i)ercentage of j^entosans or hexosans 
that may be found in the cellulose aggregate. On the other hand, like any 
working hypothesis, it is not necessarily true. Up to the present no experi- 
mental data apixiar that might not be accounted for by such an hypothesis. 
However, wood cellulose has not been explored with the same degree of 
thoroughness that has marked the study of - cotton cellulose. Until this 
has been done, the preceding hypothesis remains little more than a stimulus 
to further research. 

At present, it appears that methods which can best be applied to the 
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study of the constitution of wood cellulose are those which have been 
found serviceable in the studies of other polysaccharides. These would 
include the technic devised by Irvine and his collaborators in their classical 
studies at St. Andrews, the physical (X-ray) methods used by Herzog and 
his co-workers at Berlin, and the physico-chemical studies recently ex- 
ploited by Hess and his colleagues at the Kaiser-Wilhelm-Institut in 
Germany.®* 

“Cf. Ann,, 435, 1 (1923). 



Chapter 2 

Polysaccharides of Wood 

Whether or not the preceding working hypothesis on the nature of 
wood cellulose is accepted, we have ample experimental evidence that the 
carbohydrates of woody tissue on hydrolysis yield sugars other than glu- 
cose. Some of these carbohydrates must be considered as components 
of an integral portion of the cell wall itself, while others are extraneous 
(or extraparietal) components, such as some of the gums and the starches. 
However, it is often a difficult matter to decide whether a polysaccharide 
giving rise to a particular simple sugar is intra- or extraparietal, and for 
the present, at least, it apjiears best to discuss the various polysaccharides 
of wood together in one chapter. 

Furfural-Yielding Components of Wood 

All woods, when heated with acids under proi)er conditions, give rise 
to apprecialile amounts of furfural. The immediate precursors of this 
substance are usually the pentoses: xylose and arabinose, but as these 
sugars are not present as i>ucli in wood, it is evident that they result from 
the hydrolysis of jire-existing ixilysaccharides. These are usually spoken 
of as the pentosans. A pentosan which yields xylose on careful hydrolysis 
was first extracted from various woods by means of alkali by Poumarede 
and Figuier ^ and later by Thomsen.- This was generally termed ‘*wood 
gum.” Tollens and Wheeler® hydrolyzed the wood gum isolated from 
pine and from beech woods, and .showed that a product of hydrolysis was 
a pentose which they termed xylose or “wood sugar.” Evidently wood 
gum was largely composed of xylan. Since then, numerous other in- 
vestigators have extended and added to Tollen’s work.* Wood gums are 
not always composed entirely or even in part of xylans. Thus Johnson 
and Osborn® prepared a gum from birch wood {Betula alha) whose com- 
position approximated (none too closely) the formula CiHeOs. On 

V. prakt. Chem, (1), 42, 25 (1847)-. 

V. prakt. Chem. (2), 19, 146 (1879). 

M«n, 254, 316 (1889) ; Bcr., 22, 1046 (1889). 

*Cf. Winterstein, Z. physiol. Chem., 17, 381 (1893); Bader, Chem Ztg , 19, 
55 (1895); O’Dwyer, Biochem J , 17, 501 (1923), 

V. Am. Chem. Soc., 18, 219 (1896). 
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hydrolysis, the material yielded a syrup from which a small crop of crystals 
— but no xylose — was isolated. To the best of our knowledge the 
crystalline substance was never identified. 

The presence of arabinose-yielding components in wood is indicated' 
by a few scattered references in the chemical literature. Klason,® in 
analyzing the sugars found in sulfite liquor, reports small amounts of 
arabinose which could be traced back to the carbohydrates of the original 
wood. O’Dwyer * states that the hydrolysis products of oakwood include 
small amounts of arabinose. Sherrard and Blanco ^ also report the pres- 
ence of arabinose among the products obtained on acid hydrolysis of white 
spruce wood. Their test for the sugar depends on the selective fermenta- 
tion of pentoses by lactic acid bacteria from corn silage (“organism 102”). 
Fred, Peterson, and Anderson® had shown previously that this or- 
ganism does not ferment xylose. .Since Sherrard and Blanco had defi- 
nitely proved the presence of xylose among the hydrolysis products, and 
since “organism 102” destroyed an ap[)rcciable part of the pentoses, the 
presence of arabinose was indicated ( )n the other hand, the presence of 
arabinose was not proved by definite chemical tests, such as those used 
in the identification of xylose. A thorough chemical investigation of a 
number of different woods, with a view towards definitely establishing 
the presence or absence of arabinose-yielding polysaccharides would 
appear to be justified. 

The total percentage of j)entnsans in wood --based on the furfural de- 
termination — varies considerably with different sj>ccies of wood. In gen- 
eral, however, the angiosixirms give much higher yields of furfural than 
do the gymnosperms. Thus the jientosan content based on the dry weight 
of a hardwood, like yellow birch (Hctuhi lufra), may he as high as 26 per 
cent, while the pentosan content of a coniferous wood, such as western 
yellow pine {Finns pondcrosa), may he as low as 5.5 i:>er cent. The.se 
differences will be discussed in a .subsequent chapter. 

Whether or not the greater part of the pentosan of wood is originally 
in the form of a “gum,” or whether it is a component of the cell wall 
proper has been the subject of some debate. There is every reason to 
believe that in most woods an aj>preciable ]xirt of the pentosans (certainly 
of the xylose-yielding components) forms an integral ])art of the cell wall. 
This is evidenced by the fact that the so-called “wood cellulose” (isolated 
by the chlorination method, or by the bi.sulfite digestion) always retains 
appreciable amounts of furfural-yielding material. For example, Dore,® 
even after extracting the wood of Quercus agri folia with alkali, found 

* Svens k Pappers-Tid., 20, 176 ( 1917 ). 

'Fnd. Eng Chem , 15 , 611 ( 1923 ). 

•/ Ewl 'Chcm,A%, 385 ( 1921 ). 

•/. Ind. Lng. Chem, 12 , 984 ( 1920 ). 
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nearly half of the original pentosan in the “cellulose” fraction. The pres- 
ence of large amounts of furfural-yielding substances in the cellulose ob- 
tained on chlorination of wood has been clearly demonstrated by other 
investigators.^® 

A more direct proof of the presence of xylans in the cell walls of spruce 
wood was obtained by Hagglund and Klingstedt.^^ They isolated a xylan 
on extraction of spruce sulfite pulp with alkali, hydrolyzed it and defi- 
nitely proved the presence of xylose among the products of hydrolysis. 
On the other hand, tests for arabinose in this same pulp gave negative 
results. 

It should be clearly understood that the generation of furfural by 
the action of hydrochloric acid on wood, or on various components of 
wood, cannot be taken as a ix)sitive index for the presence of pentosans. 
Schorger and Smith found that a galactan obtained from western larch 
yielded appreciable amounts of furfural although ^xMitosans were absent 
from the original material. Similarly, Tottingham and Gerhardt showed 
that certain fermentable carbohydrates (»f ai>plewood, which were quite 
evidently not ix*ntosans, formed the precursors of a part of the furfural 
obtained on treatment with hydrochloric acid. 

The results of the pentosan method must also be interpreted cautiously 
when applied to crude cellulose (ie., the fraction isolated by the chlorina- 
tion method and often spoken of as “Cross and Bevan cellulose”). If this 
fraction has hcen partially oxidized during the chlorination process, it may 
give rise, when treated with hydrochloric acid, to small amounts of 
O 
\ 

fflucuronic acid: H - C — CH(OH) .CH(C)H) . CH (OH) .CH(OH) — 
CO2H which in turn will yield xylose and finally furfural.^* 

It is evident, then, that there are other furfural-yielding components 
in wood besides the pentosans and that the quantitative determination of 
furfural lends no sound basis for the calculation of the actual “pentosan 
content” of a wood. The “pentosan content” mUvSt, therefore, be taken 
as a conventionalized analytical term rather than as one which expresses 
the true amount of jxintose-yielding material in wood. 

Resides the furfural- yielding components of woody tissue, there appear 
to be substances capable of yielding small amounts of an aldehyde that 

"Schorger, /. Ind. Enq. Ghent, 9, 556 (1917); Mahood and Cable, ibid, 14, 
933 (1922); Ritter and Fleck, ibid., 14, 1050 (1922); 15, 1056 (1923); 16, 147 
(1924). 

^ CcUulosechemie, 5, 57 (1924). 

”/. Ind. Eng. Chem., 8, 494 (1916). 

“ Ind. Eng. Chem., 16, 140 (1924). 

"Tollens and Lefevre, Ber., 40, 4519 (1907 ; Hciiser's “lextbook of Cellulose 
Chemistry” (1924), p. 99. 
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has been generally accepted as a methyl furfural.^® Judging by the pub- 
lished analytical data the assumption might be made that this methyl fur- 
fural emanates from the methyl pentosans of wood. Schorger,^® however, 
has pointed out that no methyl pentoses have been obtained from wood 
itself and his statement, made in 1917, holds true (with a few excep- 
tions) in 1925. The evidence in favor of pre-existing methyl pentosans 
rests rather insecurely on the results of an uncertain analytical procedure 
for the determination of methyl furfural. In fact we are not certain that 
the substance which has been assumed to be methyl furfural is actually 
this compound. Heuser and his colleagues have shown that small 
amounts of a hydroxymethyl furfural were produced by the acid treat- 
ment of a highly purified cellulose. This substance might be mistaken 
for methyl furfural. We, therefore, have no trustworthy experimental 
evidence that methyl pentosans must be reckoned among the components 
of wood. The “methyl furfural” analysis will be discussed in more detail 
in a subsequent chapter. 

Hexosans of Wood 

Besides the glucosans, (the glucose-yielding polysaccharides, the prin- 
cipal representative of which is “cellulose”) wood also contains poly- 
saccharides which on hydrolyvsis yield mannose, galactose and levulose. 
Of these, the precursors of mannose and levulose appear to form a part 
of the cell wall, while the galactans, at least in some of the conifers, are 
largely extraparietal. 

The pre.sence of mannose-yielding components in coniferous woods 
was demonstrated by Bertrand,^* Kimoto,^® Wheeler and Tollens,^® and 
Storer.^^ Probably the outstanding quantitative study of the mannan con- 
tent of the wood of gyunnosperms was made by Schorger.^^ He examined 
twenty-two sjxicics of American conifers and found appreciable amounts 
of mannan in all cases. He also examined six hardwoods, none of which 
yielded mannose. On the other hand, Fromherz refH)rted the presence 
of mannan in a sample of Pofmlus tremula Konig and Becker re- 
port the presence of small amounts of mannans in beech and in birch 
wood. Storer found mannans in sugar maple, but not in the wood of 

Michclct and Scbclicn, them Zf(j , 30, 356 (1906), (irafe, Monatsh. Chem., 
25, 987 (1904) ; Fromherz, Z. physiol Chem., 50, 209 (1906). 

Ind. Eng. Chem, 9, 561 (1P17). 

" Cellulosechcmie, 4, 15 and 85 (1923). 

^Compt rend., 129, 1025 (1899). 

“Bull. Aqri Coll Tokyo, 5, 253 (1902). 

•Ber., 22, 1046 (1889). 

“Bussey Inst. Bull, 3, 11, 13-45 (1902); III, 47-68 (1903); IV, 69-73 (1904). 

»/. hid. Eng. Chem., 9. 748 (1917). 

“Z. physiol Chem, 50, 237 (1906). 

“Z. angew Chem., 32, 155 (1919). 

“Loc. cit. 
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gray birch, poplar, and willow. In view of these discrepancies the work 
on mannose content of hardwoods should be extended and correlated 
since the mannan determination might serve as a valuable means of differ- 
entiating chemically between the wood of gymnosperms and angiosperms. 

Among the recent investigators, who have made quantitative studies 
of the mannose-yielding carbohydrates in the. cell wall are Sherrard and 
Blanco,* ** ® who showed the presence of appreciable amounts of mannose 
among the hydrolysis products of white spruce wood as well as spruce 
cellulose; Lenze, Pleus, and Miiller,*^ who determined the mannans in 
wood pulp; Heuser and Dammel,^® who made a critical study of the man- 
nan determination as applied to pulp and who accepted Schorger’s technic ; 
and Ilagglund and Klingstedt,^® who also focussed their attention on spruce 
sulfite pulp. 

In general, the method used for the identification (or determination) 
of mannans, de].)ends on its hydrolysis to mannose, followed by conversion 
of the latter to the insoluble mannose phenylhydrazone.®® The use of man- 
nose bromophcnylhydrazone has also been suggested by Lenze, Pleus, 
and Muller.®^ 

Sherrard and Blanco®* were able to obtain a mannose-yielding poly- 
saccharide from the cell wall of white spruce. They ascribe its forma- 
tion to a gradual hydrolysis. Cross and Bevan cellulose was subjected to 
a protracted water extraction. The extract yielded a syrup from which 
alcohol precipitated a crystalline jiolysaccharide, corresponding to 12 per 
cent of the crude cellulose. The material is very soluble in water, but 
insoluble in the ordinary organic solvents, has a slight reducing action on 
Fehling solution, and on hydrolysis yields relatively large amounts of man- 
nose (corresponding to about 1/3 of its weight). It also gives rise to 
quantities of furfural which would corresjwid to a pentose content of 
20 per cent. Further than this, the nature of this interesting [XDlysaccharide 
has not been studied. 

The presence of fructose-yielding polysaccharides in wood has been 
a mooted point. Krause claims to have shown the presence of fructose 
among the sugars obtained from sulfite waste liquors. Hagglund also 
showed the presence of fructose in sulfite liquors and among the products 
of hydrolysis of spruce wood. On the other hand, Konig and Becker 

*Ind. Eng. Chem., IS. 611 (1923). 

*'J. prakt. Chem., 101, 213 (1921). 

* Cellulosechemie, 5, 45 (1924). 

“Loc. cit. 

“Schorger, loc. cit. 

'^Loc. cit. 

*^Ind. Eng. Chem, 15, 1166 (1923). 

'^Chern. Ind., 29, 217 (1906). 

**Biochem. Z., 70, 416 (1915). 

“Z. angew. Chem, 32. 155 (1919). 
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reported the absence of fructose, among the sugars of hydrolyzed woods 
(in the case of pine, fir, birch, and beech), although special efforts were 
made to isolate this sugar or to demonstrate its presence. 

A careful examination of sulfite pulp by Hagglund and Klingstedt 
clearly showed the presence of fructose-yielding polysaccharides. The 
hydrolyzed pulp gave numerous color reactions characteristic for fructose, 
and the sugar was identified by means of the methylphenylosazone and 
was determined by oxidation with iodine by Willstatter and Schudel’s 
method.®^ Approximately 2.5 i^er cent of levulan was thus shown to be 
present. 

The presence of small amounts of galactose-producing carbohydrates 
in wood had been indicated for several decades j^ast by the mucic acid test. 
Galactans are hydrolyzed to galactose, which in turn may be oxidized by 
HNOa to mucic acid. Tollens,®® Krause,®® Hagglund,*® and Klason 
thus showed the presence of galactose in sulfite liquor. Hagglund found 
small amounts of galactose among the hydrolysis products of Finns syl- 
vestrisS^ Sherrard and Ifianco obtained galactose on hydrolyzing white 
spruce. Fromherz obtained small amounts of mucic acid from the wood 
of Populus tremula. 'I'he most noteworthy work on galactans in wood 
must, however, be accredited to Schorger and Smith,*® who found that a 
considerable portion (8-17 j^er cent) of the wood of western larch {Larix 
occidenialis Nuttall) was water soluble, and that this water soluble ma- 
terial consisted largely of a galactan, the composition of which closely 
approximated CcHioOu and which yielded solely galactose on hydrolysis. 
Schorger and Smith termed this polysaccharide e-galactan, since it appeared 
chemically different in its projxjrtics from other galactans that had been 

20 

isolated up to that tunc. e-Galactan had the rotation |a] -f 12.11° and 

was not precipitated from its aqueous solutions by lead acetate. It was 
isolated as a white granular jKiwder which formed a clear solution in cold 
and hot water; when heated with 12 per cent HCI it yielded over 6 per 
cent furfural, but no pentose could he found among its hydrolysis products. 
Iwidently there was no pentosan residue present. This galactan is prob- 
ably one of the best sources of galactose. Schorger and Smith further 
showed (by the mucic acid test) that galactans were present in the wood 
of a number of American conifers. Dore ** also found galactans in sev- 

“Loc. cit. 

•'Ber., 51, 780 (1918). 

“Tollens, Der., 23, 2990 (1890). 

*• Krause, Chem. Jnd., 29, 217 (1906). 

"Hagglund, Biochem. Z., 70, 416 (1915). 

Klason, Svensk. Pappers-Ttd., 20, 176 (1917). 

“Cf. Klason, Arkiv. Kemt. Min. Geol , 3, 1 (6) (1908). 

"7. Ind. Eng. Chem, 8, 494 (1916). 

"7. Ind. Eng. Chem., 12, 476 (1920). 
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eral conifers and in oak {Quercus agrifolia). Konig and3ecker showed 
the presence of galactans in birch wood as well as in pine and fir. On 
the other hand, galactans seem to be largely absent from spruce pulp. 

Besides the hexoses referred to, glucose is also a regular component 
of the products of mild or partial hydrolysis of wood. Thus Klason has 
reported appreciable amounts of d-glucose in the liquor obtained in cooking 
wood by the sulfite (Ritter-Kellner) process.^ Hagglund obtained 
small amounts of glucose by the hydrolysis of pine with 0.5 per cent H 2 SO 4 
for short time intervals at 155° and at 170° C. Sherrard and Blanco 
in their comprehensive study of the products of wood hydrolysis have also 
identified glucose. At first blush it would appear that the sole precursor 
of this glucose must be the cellulose of wood. In fact, Sherrard and 
Blanco’s quantitative data make it apparent that an appreciable part of 
the glucose does emanate from this source. As shown in the previous 
chapter, however, much dcjxiiids on the accei>ted definition of wood cellu- 
lose. Furthermore, other hexosans of wood are not excluded as the fore- 
runners of d-glucose. Pnngsheim states that the hydrolytic production 
of glucose from wood need not necessarily be referred back to cellulose. 
It may be due to starch, 01 possibly to a hexosan which may itself take 
part in the synthesis of cellulose. Starch is one of the extraneous poly- 
saccharides of wood (i.e., it is not associated with cellulose or other poly- 
saccharides of the cell wall). The significance of starch as a reserve stuff 
in woody stems was first pointed out by llartig,*"^" and other chemists and 
botanists furthered these investigations, h.vidcntly the detection of starch 
in the medullary rays of wood has depended largely on color reactions, 
and the use of the ixilarizing microscope, coupled with analytical deter- 
minations and the use of starch-splitting enzymes. Starch may be hydro- 
lyzed away from woody tissue by the use of amylase or takadiastase. To 
the best of our knowledge it lias never been isolated from wood and sub- 
jected to a careful chemical study. 

The starch content of the medullary rays varies considerably with 
species of wood, with the condition of the plant, and with the season. 
This disappearance and translocation of starch forms a remarkable con- 
trast to the permanency of the cellulose of the cell wall. 

The starch content of the wood of fruit trees was investigated by 
Manaresi and Tonegutti,*^^ who showed that in individual cases the starch 
content was appreciable (e.g., over 3 ix^r cent in i>ear wood). Beckmann 

^Loc. cit. 

**Svcnsk Pappcrs-Ti(l, 20, 176 (1920). 

”Loc. cit. 

** Loc. cit. 

*“Die Polysaccharide,” p 190. 

•y. prakt. Chew, 5, 217 (1835). 

Stas. sper. agrar ilal., 43, 705 (1910). 

** Zentr. Biochem. u. Biuphys , 18, 379 (1915). 
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determined the percentage of starch in various hardwoods including birch, 
alder, maple and elm, and noted some wide seasonal variations (e.g., the 
spring birch wood contained 3.67 per cent starch, while autumn wood 
retained less than 1 per cent. 

The Biochemical Nature of the Polysaccharides of Wood 

A group designation of “hemicelluloses” was made by Schulze and 
his co-workers — for those polysaccharides which are relatively insoluble 
in water, but which are soluble in alkalis and acids and readily hydrolyzed 
by the latter. This was an arbitrary attempt to differentiate between 
(a) true cellulose, (b) an intermediate group of carbohydrates, and 
(c) the reserve foodstuffs like starch and some of the gums. The 
danger of seeking to make a chemical differentiation on the basis of 
physical differences or of relative rates of hydrolysis is at once appar- 
ent. Even purified cellulose which has been subjected to physical treat- 
ment (such as prolonged mechanical beating or disintegration) or to 
chemical “hydration” may show a marked increase in solubility and in- 
variably shows an increase in the rate of hydrolysis due to an increase 
in exposed surface — even when no demonslralilc change in constitution has 
occurred. In other words, it is conceivable that by using mechanical 
methods, we could so change cellulose that it would fall under Schulze’s 
classification of the hemicelluloses. 

Evidently the hemicelluloses arc ixilysaccharidcs which bridge the gap 
between the insoluble cellulose and the clearly recognized reserve carbo- 
hydrates like starch. As a class they may function in part as poly- 
saccliarides of the cell wall, in part as reserve material. They appear 
to lack the “resistance” of true cellulose on the one hand and the “lability” 
of starch on the other. The classification, therefore, becomes phy.siological 
rather than chemical. 

At best the collective term “hemicellulose” is a very indefinite one and 
it would appear to us to be practically im^xjssililc to know just where 
cellulose ends and the hemicelluloses begin. The differentiation is a 
purely arbitrary one. This has proved a difficulty in arriving at a definite 
understanding of the term cellulose. The advisability of dropping the 
word “hemicellulose” is strongly urged by Ileuser.'^^ 

If we assume that the ixilysaccharides of wood are built up largely 
of anhydropentose and anhydrohexose residues (other anhydrosugar de- 
rivatives are not excluded) it is quite possible that some of the so-called 
“hemicelluloses” may be not only glucosans, mannans, levulans, galactans, 
xylans, and arabans, but mixed polysaccharides such as mannogalactans, 

“ Cf. Czapek, “Biochemic d. Pflanzeii,” I, p. 420. 
prakt. Chem, 103, 74 (1921). 
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galactomannans, xylo-mannans, etc.®® In other words, the polysac- 
charides may be represented by the general formulas (C 8 Hs 04 )n and 
(CeHioOs)* or in individual cases by formulas intermediate between 
these two. However, since we have practically no criteria of purity ap- 
plicable to the polysaccharides, it is practically impossible to decide whether 
an isolated polysaccharide fraction is a mixture of two or more distinct 
substances or whether it represents one chemical individual. This is 
the same difficulty that is encountered in deciding on the homogeneity 
of wood cellulose. 

The quantitative isolation and identification of definite di- or tri- 
saccharides derived from the polysaccharides of wood would serve to 
advance our meagre knowledge of the subject. 

Another term of rather dubious significance is the word “pectin” as 
applied to the components of the middle lamelhe of the cells in woody 
tissue. Up to the present, wc have no convincing exjxirimental evidence 
that there is a substance or group of .substances in the cell walls of wood 
analogous in chemical behavior to tliat of the gel- forming pectins found 
in fruits. These pectins arc derivatives of d-galacturonic acid. They 
contain methoxyl groups and are also derivatives of the simple sugars. 
Mhrlich ®® has described them as “calcium magnesium salts of an anhydro- 
arabinogalactose methoxyl tetragalacturonic acid.” No such pectin has 
been isolated from wood and if it is present at all, the quantities are 
small.®’ Despite this, attempts to determine the i>ectin content of various 
woods were made by Schwalbe and Decker ®” by applying the method of 
von Fellcnbcrg ®® which consisted in determining the methyl alcohol split 
off by cold Na(-)H from wood and by multiplying the result by 10, an arbi- 
trary factor. This was based on the unproved assumption that the 
methoxyl content of pectin approximates 10 \yer cent. Since, however, 
the methoxyl content of isolated pectin is not definitely known and 
since no wood pectins have been i.sulated, .Scliwalbe and Becker’s re- 
sults (which vary between 1 and 2 jxir cent) have little significance.®” 
Furthermore the recent work of Hitter on tlie distribution of lignin in 
the cell wall of wood makes it j)robal)le that the components of the middle 
lamella should be classed with the lignin of wood. 

Ritter treated wood samples with various reagents that are commonly 
regarded as solvents for “jxictin substances” or calcium pectate. These 

"Cf. Pringsheim, “Polysaccharide,” p. 184; Czapek, “Biochemie d. Pflanzen,” 
Vol. 1, pp 420, 647, 654, HI. p 789. 

"Chem. Ztg,Al, 197 (1917) 

" Dore, Ind. Eng. Chem., 16. 1042 (1924). 

“Z. angew. Chem., 32 , I, 229 (1919). 

Biochem, Zeit\ , 85 , 45-117 (1918). 

•“The authors are indebted to Professor W. 11. Dore of the University of Cali- 
fornia for references and discussion on the pectins. 

•Uwd Eng Chem, 17, 1194 (1925). 
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reagents included aqueous solutions of ammonium oxalate, 2.5 per cent 
H 2 SO 4 , and 3 per cent of HQ. In the case of the last-named reagent 
wood sections were treated alternately with HCl and 3 per cent NaOH 
at 52-4° for protracted time periods. At the end of this treatment the 
middle lamella appeared intact (after staining with ruthenium red). Ritter 
therefore concludes that the claim made by botanists that the middle 
lamella is composed chiefly of pectin or calcium pectate (similar to the 
substance in fruits) is founded on insuflicient experimental evidence. 



Chapter 3 
Lignin 

Certain organic components of the cell wall (often representing 20-30 
per cent of the dry weight of the wood) function in increasing the 
strength of that wall. These have been grouped together under the 
collective term lignin. Although this word, derived from the Latin lignum 
(wood), was in general use among plant physiologists by the middle of 
the 19th Century,^ it still defies a sharp, clean-cut definition. I’hyto- 
chemists and plant physiologists have reached no agreement on what they 
mean by lignin, and all attempts to circumscribe the use of the word have 
led to difiiculties. Some few years ago, it might have been proper to 
define lignin as the organic, non-polysaLiharidu portion of the cell wall, 
but this definition would certainly be challenged by some of our pres- 
ent-day investigators. The same would be true if we attempted to define 
lignin on the basis of the brilliant color reactions with the polyhydroxy- 
benzenes — which at one time were believed to characterize the substance. 

A survey of the literature on lignin makes it evident tliat the term 
should never be applied to any definite chemical compound originally 
present m the cell wall, and that no lignin fraction isolated from wood* 
lias been definitely shown to be a homogeneous substance. All attempts 
to apply the usual criteria of purity to any sjxicific lignin fraction have 
been futile and in the isolation of lignin from wood, such drastic measures 
have been necessary that modification of the lignin could not well be 
avoided. In other words, it is reasonable to assume that the lignin, once 
isolated, was no longer identical with the lignin of the cell wall. Further- 
more the preparation of lignin derivatives and the many attempts to 
cause the degradation of lignin into its simjiler building stones have fur- 
nished relatively little information regarding its constitution. The mecha- 
nism of only a few of the lignin reactions has been satisfactorily ex- 
plained, and only a very few groups in any lignin fraction have been 

' Czapek, “Biocliemie dcr f'flanzen.,” Vol. I, 6ti2, states that the term lignin was 
used by the botanist de Candolle. 

*A lignin recently Ksolatcd from flax by Powell and Whittaker, /. Chem. Soc., 
125, 357 (1924), appears to be homogeneous or a mixture of closely related isom- 
erides. Lignins obtained from straw may also represent fairly homogeneous frac- 
tions. (Beckmann and Liesche, Z. anyew. Chem, 34, 285 (1921).) 
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. identified. Consequently it is not surprising that much of the voluminous 
literature on lignin is purely speculative in character, that these specula- 
tions are largely unwarranted by the paucity of reliable experimental data, 
and that all of the constitutional formulas that have been proposed for 
individual lignin fractions or derivatives are little more than ingenious 
attempts to harmonize a mass of conflicting data, or to bridge a vast 
number of experimental gaps. 

Historical Resume 

A brief historical resume of the studies on lignification may serve to 
show the conflicting concepts that have arisen in the lignin field, and 
that are reflected in so much of the experimental work of various in- 
vestigators. Gay-Lussac and Thenard * determined carbon and hydrogen 
in “wood substance” the so-called ligneux, and Petersen and Schodler ^ 
reported the analyses of 24 common European woods which showed re- 
markable uniformity in composition. Naturally such analyses gave no 
clue to the true nature of the cell wall, which apjjears to have been 
generally considered a more or less homogeneous substance, despite the 
fact that individual investigators entertained some fantastic notions re- 
garding its chemical composition.® 

Probably the first investigator to make serious attempts to interpret 
his analytical data, and to separate woody tissue into its component parts 
was Payen.® He definitely identified that i)ortion of the wood which 
resisted the attack of nitric acid and caustic soda and potash, as cellulose, 
and he also showed tliat the substances that he could remove from wood 
by chemical means, were mucii higher in their carbon content than was 
the unattacked residue. He j>ointed out that the hydrogen content of 
wood was higher than that required for a hydrogen -oxygen ratio of 2:1. 
Payen’s attempts to separate the less resistant portions of the wood into 
definite fractions were not very successful, and the careful analytical 
data recorded by Payen were presumably the results of analyses of 
mixtures of degraded lignin, carbohydrates, and other extraneous sub- 
stances. Despite Payen's failure to identify the.se non-resistant compo- 
nents, he rendered an immense service to plant physiologists in formulat- 
ing an hypothesis that stimulated further research on wood. He showed 
that the basic and resistant part of the wood was cellulose, and he 

•Brongniart, Pelouze and Dumas, who critically reviewed Payen’s work, quote 
these investigations in Compt. rend., 8, 51 (1839). 

* Ann. der Pharmacic, 17, 139 (1836). 

* Czapek, “Biochemie der Pflanzen.,” I, cites Raspail, J. Sci. ^Observant., 2, 415, 
as believing that the cell walls of the vessels of wood were composed of lime and 
gums. 

* Compt. rend., 7, 1052 and 1125 (1838) ; 8, 169 (1839) ; 9, 149 (1839). 
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assumed that this was mechanically encrusted or impregnated with a 
less resistant, heterogeneous ^ material that could be removed by suitable 
chemical treatment of the wood. Payen’s hypothesis was accepted by 
various investigators of the middle of the 19th Century, a number of 
whom confirmed his analytical data and who assigned the term lignin 
to the less resistant substances of wood. One of these investigators, 
Schulze,® removed what he termed lignin from wood by protracted, cold 
maceration with a mixture of potassium chlorate and nitric acid, which 
left the residue practically unchanged. His analytical data showed that 
this residue closely approximated the composition Ci2HioOio (= CaHioOa 
using modern atomic weights). Since the average percentage composi- 
tion of the total wood substances was shown to be 50 per cent C, and 6 
per cent PI, and the percentage loss due to the removal of lignin could 
be determined, Schulze was able to calculate the mean percentage com- 
position of this lignin, which he concluded to be 56 per cent C, 5.8 per 
cent H, and 38.2 jier cent O. From this he computed the lignin formula 
C38H24O20 (which by the use of present-day atomic weights would be- 
come C10H24O1O). According to Schulze’s data, woody tissue lost from 
42-54 per cent of its weight on maceration, and it is now evident that 
the so-called lignin content of wood was much too high and included 
carbohydrates and their degradation products. In fairness to Schulze, it 
should be recorded that he himself felt the limitations of this indirect 
method of analysis, and admitted that no reliable analysis of lignin would 
be possible, until this substance could be isolated from wood unchanged — 
an ideal as yet unrealized. 

Other chemists who in the main confirmed Payen's work were Mulder,® 
Baumhauer,'” and P'romberg.“ However, a few of the early investigators 
took exception to the “incrustation hypothesis,” and among these P^remy 
strongly opposed Payen’s views. He contended that the fibrous ele- 
ments of wood were composed of a specific substance “fibrose,” that 
the pith and pith rays contained a chemical individual “paracellulose,” and 
that the vessels in wood were made up of a homogeneous material which 
he termed “vasculose.” Pie entirely discredited the idea of incrustation 
and gave proximate analytical methods for the isolation of the various 
fractions of wood that he had described. However, PVemy’s hypotheses 

’ Payen at one time assumed at least three distinct chemical individuals. These 
substances were known as matieres encrustantes, and represented the non-cellulosic 
part of the cell wall. 

•Schulze, Chetn. Centralblatt. 2 [II], 321 (1857). 

• Mulder, Ann., 60 , 334 ( 1846) . 

"Baumhauer, /. prakt. Chem , 32, 210 (1844); Berzelius Jahresber., 25, 585 
(1846). • 

"Fromberg, Berzelius Jahresber., 24, 462 (1845). 

“ Fremy, Compt rend , 48, 862 (1859) ; Frcmy and Terreil, ibid , 66, 456 (1868) ; 
Fremy, ibid., 83, 1136 (1876) ; Fremy and Urbain, ibid., 94, 108 (1882). 
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and his analytical procedure were discarded long before the close of the 
19th Century.^* 

I'hrough the studies of Erdmann with the stone cells of the pear,^* 
and with fir wood (Pinus Abies) (probably Abies pectinata DC.)“ a new 
hypothesis on lignification was formulated. While Payen and his suc- 
cessors had assumed a mechanical combination between cellulose and the 
encrusting materials, Erdmann (who had been impressed with the diffi- 
culty in removing non-cellulosic material from the cellulose, and with 
the difference in solubility between pure cellulose and “purified” wood) 
pointed out the possibility of a chemical union between the various com- 
jMimeiits of the cell wall. Purified jfine wood after ten successive treat- 
ments with dilute nitric acid yielded 43 yxtr cent of cellulose. Alkali 
treatment of the wood, followed by acidification, gave a mixture of 
acetic and succinic acids, and pyrocatechol. A control experiment with 
jmrificd cellulose showed that alkali fusion did not give rise to pyro- 
catechol. This suggested an aromatic nucleus in the non-cellulosic por- 
tion of the cell wall. Erdmann assumed the presence of a comiX)und 
between cellulose and the precursor of pyrocatechol, and he termed this 
compound “lignose.” Pecause he had obtained succinic acid among 
the degradation products of wood, and since succinic acid was appar- 
ently formed in the alkaline fusion of simple sugars, Erdmann also 
assumed the presence of a simple sugar (CcITi^Ort) which he believed 
to be chemically combined with the lignose The entire complex of the 
cell wall he christened “glycolignose,” and assigned to it the empirical 
formula C 80 H 46 O 21 , which agreed well with his analytical data on Finns 
Abies. A piece of ex|x;rimental evidence upon which Erdmann placed 
much weight in the formulation of his compound hypothesis (and which 
is still used by defenders of this hy])othesis) was the high insolubility of 
the wood substance in Schweitzer’s cuprammonium reagent. This 
strengthened his conviction that “free” cellulose was not present in wood. 

The new hypothesis led to a series of exjxtriments and lively specula- 
tions regarding the nature of this chemical union in the cell wall — 
especially the union between cellulose and the non-resistant lignin. T^nge,** 
who had experimented with the alkaline decomix)sition of oak and beech 
wood, assumed that this treatment caused a sa])onification which yielded 
cellulose with its alcoholic groups, and salts of the acid, lignin. In other 
words, the chemical union between cellulose and lignin was in the form 
of an ester. Schwalbe in his “Chemie der Cellulose” (p. 452) has since 
pointed out that there is no need of assuming preformed acid groups 

” Cf, Sachsse, “Chemie in Physiol, der Farbstoffe,” etc., Leipzig, 1877, p. 151; 
and Cross and Bevan, “Cellulo.se’* (1910), p. 173. * 

Erdmann, Ann., 138, 1 (1866). 

“Erdmann, Ann, Supplement V, 223 (1867). 

“Lange, Z. physiol. Chem., 14, IS and 283 (1889). 
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in the lignin of the original wood. The carboxyl groups might result 
from oxidation taking place during the alkaline treatment. Another hy- 
pothesis, formulated at about the same time by Hoppe-Seyler,^^ assumed 
an ether linking between cellulose and the other components of the 
cell wall and similar concepts were formed by some of the later in- 
vestigators. Grafe*® made the same assumption in part, as had Iloppe- 
Seyler. He pictured the wood substance "‘lignin” as a mixture of com- 
pounds, most of them aromatic in nature. He believed these to be 
partly “free,” partly held by the resinous portion of the wood, and 
partly in ether-like combination with cellulose. This ether, Grafe assumed, 
could be decomposed by dilute acids or alkalis. The concept was appar- 
ently based on the jxjssible interaction of the alcoholic hydroxyls of the 
cellulose and the phenolic hydroxyls of some comiX)ncnts of the lignin. 
Cross and Bevan were also strong protagonists of a chemical compound 
theory, which also presumably presupixised an ether linking, although this 
was never clearly stated. In their well-known monograph (p. 94), the 
eminent technologists say: “It has been largely the custom to describe 
the comjxjund celluloses ... as mixtures of cellulose and non-cellulose, 
the latter being generally described as ‘encrusting matters’ or under the 
more special term lignin. . . . This view will be found inconsistent with 
the results of the systematic study of the . . . lignified celluloses gen- 
erally. They are found to he very uniform in composition.” T'his idea 
of chemical combination was so strongly entrenched in the minds of 
Cross and Revan, as a direct result of their researches on jute, that they 
devised the name lignoccllulosc, to indicate a chemical combination between 
cellulose and ‘'lignone,'’ the latter representing the entire non-cellulosic 
[>art of the “molecule.” Later, however,'® the veteran investigators seem 
to have recanted somewhat, since they say — “The lignin complex may 
or may not be in chemical union with the cellulose complex” ; and in 
this same work Cross and Doree retire still further from their earlier 
position. 

Many investigators have voiced objei'tions to all theories involving 
chemical combination between cellulose and lignin. Konig and Rump 
present mici ophotographs in evidence that various comjx)nents of the cell 
wall may be readily withdrawn without destroying the structure of the 
cellulosic tissue. They claim that if cellulose and lignin had been in 
true chemical combination, the removal of one of the components would 
have resulted in the physical shattering of the cell wall. Sacchse 

Hoppe-Seyler, Z. physiol Chem , 13, 84 (1888). 

“Grafe, Monatsh., 25, 987 (1904). 

’"“Researches on Cellulose,” IV, 170 (1922), 

* Ihid., p. 152. 

” “Chemie u. Structur der Pflanzenzellmcnibran,” 85 (1914). 
cit. 
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regarded the cell wall as a solid solution {somewhat analogous to an alloy) 
and this viewpoint, in modified form, was accepted by Kdnig and Rump. 

Perhaps the most modern and generally accepted concept of lignifica- 
tion has been formulated by Wislicenus. Realizing that lignin could 
not be considered a definite compound, and that the analytical data on 
lignin varied with nearly every investigator, Wislicenus undertook a 
dynamic study of lignin formation. He determined the content of 
adsorbable (colloidal) matter in the cambial saps of a number of trees 
by treating a given volume of sap with some substance like alumina, 
and determining the amount of adsorption by comparing the residue ob- 
tained by evaporating the treated sap to dryness, and subtracting this 
residue from that obtained by evaporating an equal volume of untreated 
sap. These data led him to believe that the period of maximum colloid 
content of the sap coincided with the period of most rapid and intensive 
growth. As a result he enunciated the sweeping hypothesis that lignin 
is composed of the sum total of colloidally dissolved hydrosols (of 
high molecular weight) which are de]x»vsited by adsorption from the 
formative (Rildungs) or cambial sap ui>on the surface of the cellulose 
fiber, the synthesis of which precedes lignification. While the assump- 
tion is made that adsorption is primarily restx)nsible for lignification, the 
possibility of chemical interaction between certain components of the 
heterogeneous lignin and the cellulose gel is not excluded. Wislicenus 
was careful to make his hyix)lhesis broad enough to include both the 
older encrustation theory of Payen, and the chemical compound theories 
of Hoppe-Seyler, Lange and Grafe. 

Although the non-committal adsorption hypothesis has received the en- 
dorsement of such critical workers as Schwalbe and has more recently 
been favorably reviewed by Cross and Doree*® and by Riefenstahl,*® it 
is by no means universally accepted as a working hypothe.sis for lignifica- 
tion. Schorger,^^ in an article on the gelatinization of lignocellulose, 
says — “His (Wislicenus’) cxjjerimeiital work, upon which is based the 
theory that the cell wall grows by adsorption by a cellulose gel frame- 
work of colloids from the sap, is not particularly convincing from a cyto- 
logical standpoint. After the formation of the cell by division a layer 
of i>ectin is formed between it and its sister cell, this layer later becoming 
the middle lamella. Layers oi cellulose arc then deposited, followed by 
lignification during the later stages. The fundamental syntheses take place 
within the protoplasm, which is in intimate contact with the cell wall, 
and there is no reason to believe that any substance other than crystal- 

^Kolloid Z.. 27, 209 (1920) ; Celluloscchemie, 6, 45 (1925). 

•“‘(Themie der Cellulo.se, ” p 453 (1911). 

“ Loc. cit 

“Z. angnv Chem . 37, 169 (1924). 

” Ind. Eng. Chem. 16, 141 (1924). 
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loids can pass in quantity through the plasma membrane.” Plant physi- 
ologists have also voiced their objections to the Wislicenus hypothesis, 
due to difficulties in technic. 

The origin of lignin, and the nature of its precursors have also been 
the subjects of extensive speculations. There have been two viewpoints 
on the origin of lignin. One assumes that the cellulose of the cell wall 
is gradually converted into lignin, while the more generally accepted one 
assumes that substances other than the cellulose are the lignin precursors. 
Cross and Bevan advance the following theory: “The process of 
lignification consists in a scries of ])rogrcssivc and intrinsic modifications 
of a cellulose or oxycellulose tissue, the products of modification remain- 
ing associated with the residue of the t>arent substance in a state of 
combination or of intimate mixture” Konig and Rump^” also suggest 
the conversion of cellulose into lignin. Wislicenus would naturally agree 
with the other point of view. The origin rif lignin has from time to 
time been linked with the pentoses or jx^ntosans of wood. Rassow and 
Zschenderlein showed that lignified tissues low in lignin are usually 
high in i)entnsans, and in'cc irrsa. This finding lends indirect snpjxirt to 
the hypothesis that jxmtosans arc the precursors of lignin and recent work 
indicates that both the pentoses and hexoses may play a role in the forma- 
tion of lignin.®' 

Another assumption that has been made frequently is that certain 
aromatic conqxnnids occurring in the saj) are the forerunners of lignin 
Pivergent as these various hypotheses ajijX’ar to be. all of them have 
some experimental data in their fa\or. The difficulty has been that some 
investigators have considered lignin a mixture of closely related indi- 
viduals, if not one chemical individual We have no exjxTimental evidence 
that this is true. Tn fact much of our evidence points to lignin as a 
heterogeneous mixture. The true origin of lignin and the mechanism of 
lignification must await new methods for the isolation and study of 
lignin. 

Lignin Color Reactions 

Certain color reactions have always been used in experimenting with 
wood and at least some of these have been attributed to the presence of 
lignin. Perhaps the most striking of these are obtained by the action 

““Cellulose,” p. 180 

“Lor. cit. 

angeiv. Clicm , 34, .Aufsatztcil 204 (1021). , 

" Schrauth, Z. atnjcw. Chem , 36, 149 (1923) ; .Schmidt, Bcr , 56, 23 (1923) 

” Detailed discussions of these color reactions arc Kivcn by P. C'asparis, Pharm 
Mmatsheften, Nos 9. 10, and 11 (1920), and hy Czapek in his “Biochemie der 
Pflanzen” (1913), Vol. I, p. 688 et al. Such discussions are beyond the scope of 
the present monograph. 
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on wood of hydrochloric acid and phenols, and of these the “phloroglucinol 
reagent’’ which gives a violet-red coloration with woody tissue has been 
widely used in testing for lignin. Other reagents like the indoles and 
the aromatic amines have also served to give characteristic colorations with 
woody tissue.^-^ Results of some of these color tests are summarized in 
Table II which is taken in part from Czapek’s “Biochcmie der Pilansen." 

TABLE II 

Color Reactions Given ry the Interaction of Wood and Various Phenols 
Indole I)ERivArivEs, and Aromatic Amines’* 


Organic Reagent Used 

Coloration 

Investigator 

Phenol (in sunlight) 

Blue-green 

Runge 

Phloroglucinol 

J*urplish-red 

W iesner 

Resorcinol 

Violet 

Wiesner 

Orcinol 

Peddi.sh- violet 

Lippmanii 

Pyrocatechol 

Grociiish-bltie 

Wiesner 

Pyrogallol 

I’lue-green 

Wiesner and Ihl 

Guaicol 

YcIlowish-green 

C7zapek 

Cresol 

Green 

(Czapek 

Naphthol 

Cirecn 

Ihl 

Thymol 

(ireen 

Ihl 

Indole 

( lierry-rcd 

V Bacyer 

Skatole 

t'herry-rcd 

Mattirolo 

Carbazole 

Cherry-red 

Mattirolo 

Pyrrol 

Red 

Ihl 

Aniline 

Yellow 

Runge 

p-Toluidine 

Yellow 

Singer 

Naphthyl amines 

Red 

Nickel 

Diphenylamine 

Red 

Ellram 

p-Nitraniline 

Brick-red 

Bcrge 


The cause of the colorations has been attributed to various comixinents 
of the wood. Since the colorations disappear after the wood has been 
treated with NaMSOj or with hydroxylaininc, tlic reactions have often 
been associated with aromatic aldehydes.*’® Czapek was able to remove 
from wood a very small amount of substance, ai>parently an aldehyde, 
which still gave all the color reactions of the original wood.*'’” This 
substance, which was removed by heating wood with ZnCL and extract- 
ing this solution with or ether, he termed hadronial but he was 

never able to isolate it in sufficient amount to permit its complete identifica- 
tion. This hadromal could hot have represented more than a small frac- 

” Tbe phloroglucinol reaction was probably discovered by Wiesner, Sitcher, Wien. 
A lead., 77, I, 60 (1878)., 

**In the case of phenols and pyrrol derivatives, the color reaction is carried out 
in the presence of HCI The araine reactions normally involve the HCI or HaSOi 
salts of the amines. The reactions do not occur after methylation or diazotization 
of the amine In the presence of IICI, p-nilraiiilinc apparently gives an orange- 
yellow coloration. 

“ Selwanoff, Botan. Zentr., 45, 279 (1891). 

"Czapek, Z. physiol Chem., 27, 154 (1899). 
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tion of that part of wood which is ordinarily termed lignin, and Czapek's 
work clearly showed (what a number of other investigators had sus- 
pected) that the brilliant lignin color reactiiins were really due to a 
minor constituent of the wood. This was confirmed by Crocker,®' who 
showed that both oil of cloves and oil of sassafras gave colorations with 
phloroglucinol and with aniline. The absorption spectra of these colored 
substances were identical with those of the corresponding substances 
obtained by the interaction of the same reagents with wood. In other 
words, the substance in wood that is responsible for the coloration is 
also present in small amount in certain essential oils. Crocker’s results 
show that the color tests do not characterize any appreciable part of the 
lignin. They are apparently indicators of a small amount of an aldehyde 
(coniferyl aldehyde^) which normally accomjDanies the lignin fraction. 

Another color reaction which has been used in the examination of cer- 
tain woods is the so-called Maule reaction.®^ Maule found that a bril- 
liant red coloration is frequently obtained when wood is treated succes- 
sively with neutral KMnO^, aqueous HCl, and NH 4 OH. Crocker 
noted that only the wood of angio.sperms gave distinct red colorations 
under these conditions. The coniferous woods gave only indefinite yellow 
or pale brown colors. Cnx'ker’s work was later confirmed and extended 
by Sharnia,^® who found that some 27 species of softwoods failed to give 
the red coloration (Maule test), while some 40 of the hardwoods responded 
to the test. 'Fhe test therefore serves to differentiate sharply between 
gymnosperms and angiosiierms. {Ctmjko biloba L. deciduous gymnosperm 
resembled the coniferous gymnosperms.) 

The Maule color reaction appears to be due to dejiosition of Mn 02 , 
which then reacts with liC'l to liberate chlorine, which forms an unidenti- 
fied compound wnth hardwoods that turns red with ammonia. Chlorine 
will replace KMn 04 and 11 Cl, and alkalis or organic bases can be used 
to replace NH 4 OH. Possibly Na.»S(), is also instrumental in developing 
the Maule coloration, when the Cross and Pevan method of isolating 
cellulose from wood is used. 

Cobalt thiocyanate has also been used as a characteristic reagent 
for lignified plant tissues. It gives a blue coloration which is not neces- 
sarily dependent on the lignin alonc.^* It is evident then, that the fore- 
going color reactions are not attributable to the main part of any lignin 
fraction. Different minor components may be responsible for different 
tests, but in the main the colorations appear due to one specific minor 
component — probably an aldehyde, the identity of which is unknown. The 

”J. Ind Eng. Chem , 13, 625 (1921). 

” Beitr. z wiss. Bot., 4, 166 (1901) 

" Loc. cit Cf. also Casparis, loc. cit. 

For., 20, 476 (1922). 

" Cf. Casparis, loc. cit. 
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acetic acid on hydrolysis. After making due allowance for the reversion 
of methoxyl to hydroxyl, and for the complete removal of acetyl groups 
during the isolation of the lignin, this value (of 32 i^er cent) still indicated 
an excess of free hydroxyl groups originally present in the lignin portion 
of the wood. 

The action of 1 per cent sulfuric acid at 110-130° on pine and beech 
wood has been shown to yield formic as well as acetic acid.^® Redwood, 
extracted with benzene and alcohol, when treated with dilute sulfuric 
acid, gave small yields of formic acid.^" There is no reason to doubt 
these experimental data. On the other hand, they do not force us to 
the conclusion that formyl groups exist preformed in the lignin of 
wood. Formic acid may be formed by the treatment of carbohydrates 
with dilute acids and Schurger’s statement that the formic acid obtained 
from wood probably results from the decomiX)sition of carbohydrates, 
rather than because of the presence of formyl groups in the wood, 
api^ears to be justified. Certain it is that there is no clean-cut exi:)eri- 
mental evidence to show that formyl groups are present in any lignin 
fraction, while formic acid has been obtained from the cellulose fractions 
of wood.®* 

The proponents of the theory of lignification, which assumes a chem- 
ical combination between lignin and cellulose of the wood, gave rise to 
belief that the lignin contained carboxyl grou[)S. A valid objection to 
this assumption has already been given.®** While we have ample experi- 
mental data that indicate that the carboxyl group is present in some lignin 
derivatives, we have no .sound experimental foundation for the belief 
that this group (or the ester grouping — C — (J — ) must be preformed 

O 

in the original wood. Holmbcrg and Wintzell ®'‘ who investigated the 
liquor obtained by treating wood with alkali (the black liquor obtained 
in soda pulp production) isolated a lignin which could be further sepa- 
rated into two fractions, one insoluble and the other soluble in alcohol. 
The isolation could be effected either by treating the black liquor with 
an acid (such as sulfuric) or by treating the liquor with carbon dioxide. 
In either case the lignin fractions weie the same. Apparently these 
fractions (for which Holmberg did not claim chemical homogeneity) 
contained phenolic groups. There is little reason to assume that they 
contain carboxyl groups as well. Where these lignin derivatives were 

“Cross and Tollens, J. Landiv. 185 (1911). 

“Dore, Ind ling. Chnn . 12, 472 (1920). 

‘“Licben, Monatsh., 19, 349 (1898). 

" Schorger, J. Ind. Eng Chem , 9, 561 (1917). 

“Done, loc. cit. 

** Schwalbe, loc. cit. 

54 , 2417 (1921). 
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subjected to more drastic treatment with alkali, however, they gave rise 
to a number of aliphatic acids and to protocatechuic acid, but the forma- 
tion of these must be ascribed to a deep seated decomposition of the 
lignin.®* 

Perhaps the best piece of evidence in favor of a free carbonyl group 
in lignin is the reducing action of various lignin .fractions towards 
Fehling solution.®®-®’' Aromatic hydrazines have not given products that 
lend themselves readily to identification and while the lignin components 
of wood or their derivatives appear to yield unstable compounds with 
sulfurous acid and the bisulfites, this evidence is not conclusive, since 
phenolic hydroxyl groups are also capable of yielding unstable bisulfite 
compounds.®® Altogether, the presence of carbonyl groups in lignin 
fractions isolated from wood must be regarded with some uncertainty, 
and in view of this, attempts to discover whether or not these are aldehydic 
carbonyl groups or ketone groups are somewhat premature. As previously 
emphasized, the brill iaiit color reactions which at one time were taken 
as indicative of the aldehyde grouping in lignin, have been traced back 
to such small amounts of extraneous substances (associated with the 
lignin) that it is evident that they give no index whatever of the con- 
stituent groups of any major lignin fraction. Other investigators have 
made the assumption that the carbonyl groups in lignin arc due to its 
ketonic structure. Thus Cross and Bevan ®® assume a “diketohexene” 
and a hydropyronc grouping, but here again adequate experimental data 
are lacking. 

Data in favor of an ethylenic linkage — C— C — m lignin may be 

traced back to the discovery of a glucoside in the cambial sap of the 
larch by Hartig"" and the subsequent finding of Kubel that this sub- 
stance, whicli he named coniferin, was widely distributed in coniferous 
woods. The compound was later shown, by Tiemann and Haarmann,®^ 
to be a df-gliicoside of 3-methoxy-4-hydroxy-cinnamic alcohol. 

The possible relation of the widely distributed coniferin (or some 
substance related to it) to the formation of lignin, led Klason to the 

"However, Rinman, Svensk. Kem. Tids., 23, 163 (1911) (quoted by Holmberg), 
reported that two different types of components were found in the black liquor: 
those that were precipitated by CO 2 (“Ilumusstoffe”) and those that could only be 
freed from their salts by acids (“llumic acids”). The latter, presumably, were 
assumed to contain carboxyl groups. 

"Heuser and Skioldcbrand, Z. angew. Chem., 32, 41 (1919). 

" Hagglund, Cellulosechemie, A, 74 (1923). 

"Fuchs, Ber., 54, 487 (1921). 

“y. Soc. Dyers Colorists, 32, 135 (1916). 

Jaliresber lorster, I, 263 (1861). 
prakt. Chem, 97, 243 (1866). 

•*Ber., 7. 608 (1874) , 8. 1127 (1875) ; 9, 410 (1876) ; 11, 667 (1878). 
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studied and that the analytical data are incomplete.®® Klason had no defi- 
nite assurance that the yellow precipitates obtained from the lignins were 
homogeneous substances although the analytical data in his recent work 
are fairly convincing.®^ While the presence of an ethylenic linking in lignin 
has not yet been proved and although the assumption of an acrolein group 
(RCH = CH — CHO) must still be taken as a working hypothesis, the 
recent work of Ilagglund ®® on unsaturated aldehydes of known constitu- 
tion tends to confirm a part of Klason’s results. It also serves to 
strengthen Klason’s hypothesis that an acrolein linkage exists in a-lignin. 
a-Ligno-sulfonic acid and compounds of the type of P-sulfopropion- 
aldehyde show an analogous behavior towards aromatic amines. In solu- 
tions that are sufficiently acid the.se coinixmnds form anils of the corre- 
sponding free sulfonic acids. In neutral solution they form the normal 
amine salts of these acids. When an unsaturated aldehyde of the type 
RCH:CH.CHO was treated with NaHS('),, an addition product of 
the tyi)e RCH(S03Na)CH2CH(01I) ( S( )jNa) was formed. Com- 
pounds of this kind reacted with 2 molecules of (^-nai>hthylamine to form 
naphthylammonium naphthyliminosulfonates of the ty\yc RCH(S03Nri3 
C]oH 7) . Clio . CII: NCioIIt which could be hydrolyzed with acid to form 
the free naphthylimino sulfonic acid of the tyjx; : RClI(SO.,H)CI-l2CH : 
NCjoH,. It will be noted that according to Ilagglund the — SO3H 
group enters the beta ixisition instead of the alpha ]K)sition as suggested 
by Klason. Ilagglund was able to confirm Klason’s work on the 
interaction of a-lignosulfonic acid and jl-na]ihthylamme but he leaves 
unsettled the question of the existence of a cyclic najihthyl amine 
derivative.®® 

In demonstrating some of the .striking analogies between the behavior 
of coniferyl alcohol and lignin of spruce wood, Klason pointed to the 
fact that both of these substances give similar aromatic compounds when 
fused with alkali. This finding has lent siij^xirt to the fairly general 
belief that an aromatic nucleus is preformed in lignin, since it has been 
shown repeatedly that the fusion with alkali of various lignin fractions 

“ Ilintikka, Cellulosrchcmic, 4, 93 (1923), prc.scnts some experimental data that 
indicate that Klason’s proposed mechanism of naphthylamine reaction is not correct. 

55B, 448 (1922). 

Cellulose chemie, 6, 29 (1925). 

“Fuchs, Ber., 54, 488 (1921), takes the portion that the pre.sence of an acrolein 
linkage is not proved and suggests that partially unsaturated cyclic ketones would 
probably yield similar precipitates with beta naphthylamine after a sulfite cook. The 
tenacious retention of .small amounts of llCl by lignin isolated from wood with 
fuming HCl is a rather que.stionable argument in favor of the double bond. The 
interaction of chlorine with lignin of wood gives no index of the presence of a double 
bond in the lignin, since the reaction involves largely substitution (not addition) 
and HCl is generated. Cf. Cross and Bevan, “Cellulose,” 1910, pp. 104-5. 
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and lignin derivatives gives rise to protocatechuic acid and pyrocatechol,’® 
besides the so-called indefinite “lignic” acids and oxalic acid. A 
thorough investigation of this fusion was made by Heuser and Winsvold 
and later by Heuser and Hermann.'^^'*’ The former also give an ex- 
cellent resume of the literature. Heuser and Hermann showed that when 


the KOH fusion of a lignin fraction (isolated from spruce by means 
of hydrochloric acid) was carried out (in nickel dishes) in air, at 240- 
250°, the products were largely the “lignic acids,” and oxalic acid, while 
the yields of crude protocatechuic acid and pyrocatechol were 16.4 and 
3.7 per cent respectively. They also showed that the pyrocatechol was 
a secondary product formed from the protocatechuic acid, and that when 
the fusion was carried out in hydrogen (in place of air), the oxalic acid 
yields dropped considerably (sometimes to the vanishing point). When 
an iron crucible replaced the nickel crucible in the fusion, and an atmos- 
phere of hydrogen was used, no oxalic acid was obtained but the pyro- 
catechol yield rose to 21 jier cent, and about 10 per cent of the crude 
protocatechuic acid was formed. If, however, the fusion was carried 
out in iron, in an atmosphere of hydrogen, and in the presence of 
ammonium carbonate, 23 per cent of crude protocatechuic acid, and only 
7 jier cent of pyrocatechol were formed, with no change in the “lignic 
acid” yield and without production of oxalic acid. They showed definitely 
that tiie fusion of cellulose with KOH yielded neither jirotocatechuic 
nor [lyrocatechol, irrespective of whether they used iron or nickel cru- 
cibles or earned out the fusion in air or hydrogen. In nearly all cases 
they obtained about 90 per cent oxalic acid, besides appreciable amounts 
of acetic acid and small amounts of formic acid. Evidently the oxalic 
acid formation from cellulose was not due to oxidation. Later Heuser and 
Roth*'^ .showed that xylan on alkaline fu.sion yielded only traces of 
aromatic compounds and that these could be attributed to the presence of 
impurities in the material used. 

Evidently the lignin, and not the cellulose or other poly.saccharides 
of the cell wall, mu.st be the precursor of aromatic substances during 
alkaline fusion. llowe\er, since the temperature of these fusions ranges 
from 240-280° C., and as the action is extremely drastic, it is danger- 
ous to draw conclusions regarding the constitution of the original lignin 
on the basis of fusion data Strupp"=‘ suggests the ixissibility that lignin 
may contain hydroaromatic rather than aromatic nuclei. These might 


jHiin , , . 

and 217 (1890), Klason, IrA-iV. Kriw licrgiK, 6,8, lloni^ and I'uchs, 
Chem, 40, 341 (1919); 41, 215 (1920), Holmbcrg and Wmtzcll, Bcr„ 


(1922). 

Celluloscchnmc, 4 , 49 


(1923). 


Cellulosechemic, S, 1 (1924). 

prakt. Chem., 107, 1 (1924) 
Cellulosechemie, 5, 6 (1924). 
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be related to the cyclosaccharides (like inositol), from which aromatic 
derivatives could be readily obtained. 

There are other fragmentary pieces of data favoring the presence 
of an aromatic (or hydroaromatic) skeleton in lignin. Vacuum distilla- 
tion of lignin fractions gives rise to phenols and hydroaromatic hydro- 
carbons.’^ Pressure oxidation of lignin yields small but appreciable 
amounts of ixilycarboxylic aromatic acids. Oxidation of lignin with 
hydrogen peroxide yields some of the same oxidation products as those 
obtained under similar conditions from vanillin. None of these bits of 
evidence is entirely conclusive, and none of tlicm gives any indication 
that an aromatic or hydroaromatic nucleus jdays mc^re than a subordinate 
role in the lignin comj>lcx, since the amounts of comixDunds isolated were 
always under 25 per cent. 

To summarize our knowledge on the constituent groups of lignin : of 
all the groups, linkages or nuclei present in lignin, the presence of only 
two, the methoxyl and the hydroxyl group, has been definitely proved. 
The acetyl grout) i>resuniahly |)resent, hut it is difficult to prove that 
it is actually an integral jiart of what most investigators please to call 
“lignin The pretxmderancc of evidence also favors an aromatic or a 
hydroaromatic nucleus in lignin, and the i)resence of an acrolein grouping 
( — CH:CH.C110) hut the experimental data are incomplete. 

Lignin Fractions Isolated from Wood 

The isolation of a lignin fraction by the removal of the common 
ixilysaccharides of the cell wall usually involves the use of acids, and 
ordinarily sulfuric and hydrochloric acids are used. The concentration 
of these acids is an important factor. I'or example, ordinary, concen- 
trated hydrochloric acid reads sluggishly with finely divided wood, while 
40-42 per cent hydrochloric acid (the fuming acid) removes the ixdy- 
saccharides quantitatively and leaves most of the non-carbohydrate mate- 
rial ill the form of a lignin residue ’’ which is easily filtered and washed. 
'The isolation of lignin has also been effected by the action of gaseous 
hydrogen chloride on moist wood and by heating wood with 1 per cent 
under 6 atmospheres pressure for 6-7 hours.” An older method for 
isolating lignin, that has been aiiphed by a number of investigators, in- 
volves the use of sulfuric acid in concentrations varying from 64 to 
72 per cent.’® The lower concentrations are favored since the isolated 

Pictet and Gaiilis, Helvetica Chim Ada, 6, 627 (1923). 

Will.stattcr and Zechmeistcr, Her , 46, 2401 (1913) 

Krull, modified by Konig and Becker, Z. angezu. Chrm., 32, 155 (1919). 

” Konig and Rump. Z. Nahr. Gcniissni , 28, 177-222 (1914). 

”Klason, “Ber ii. 1 lauptversammlung des Vereiirs der Zellstoff u. Papier Chemi- 
kcr Ber.,” 1908, 52; CcUuloscchcvne. 4, 82 (1923); Konig, Chem Ztg., 36, 1101 
(1912). 



TABLE III 

Ultimate Analysis of Spruce and Fir Lignin Isolated by Means of Acid 
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lignin retains less acid (after washing), and can be filtered and washed 
more readily than that isolated with acid of higher concentrations. On 
the other hand, lignin isolated with 64 per cent acid retains small but 
appreciable amounts of pentosans, while that obtained by the use of 72 
I>er cent sulfuric acid is pentosan-free, or retains but very small amounts.^® 

The greatest advantage of using strong acids in the isolation of a lignin 
fraction lies in the simidicity of the operation, but this is partially 
counterbalanced by the decom])osition which lignin suffers as a result of the 
acid treatment. Sulfuric acid seems to be especially drastic in its action.®® 
The product isolated from wood by acids no longer contains some of 
the constituent groups that are usually associated with lignin. The acetyl 
group appears to he removed in lignin isolated by hydrochloric acid 
and an appreciable percentage of the “methoxyl” of the wood is also 
lost.«= 

There is ample evidence that lignin isolated by acids is not a uniform 
substance. Table 111 shows that on ultimate analysis lignin prepara- 
tions obtained by different investigators from the same s])ecies of wood, 
and under similar conditions, show striking differences in percentage com- 
lX)sition.®'‘ Despite this, lignin isolated by means of fuming hydrochloric 
acid (sometimes referred to as '‘Willstalter-lignin”) has been widely used 
by Continental investigators as a starting product in their stiulies on the 
constitution of lignin. 

Another method of isolating lignin from wood has already been 
alluded to. The treatment of wood with alkaline .solutions under pres- 
sure, and the subsequent isolation of a lignin fraction by means of carbon 
dioxide, sulphuric acid, acetic acid or hydrochloric acid, was used by 
Holmherg and Wintzell in the preparation of a lignin which could 
be .separated into two fractions One of these, a grayish yellow powder 
(termed a-alkaJi-Iicjinn), insoluble in alcohol, showed a percentage com- 
position of 65 8 jx;r cent C and 5 9 i)er cent II (corresponding to the 
empirical formula: C 4 oH 4 jOia). The other fraction termed “X-alkali 
lignin,” soluble in alcohol, contained 67.0 per cent C and 6.2 \)er cent 11 

"Dore, 7. Ind Eng Chnn.. 12, 472, 984 (1920). 

"“Hdgglund, Arkiv Kemi. Mineral GcoL, 7, Pt. 8, 1-20 (1918). 

“ Pringsheim and h'uclis, Z physiol Clicni , 105, 179 (1919) ; Heu.siT and Acker- 
mann, loc. cit. 

“Fischer and Schrader, Ges Abhandl Kcnnt. Kohle, 5, 108 (1920), report that 
22 per cent of the methoxyl originally present in wood was not recovered in the 
isolated lignin Dore, 7 /«rf. Eng. Ghent, 12, 984 (1920), also shows that approxi- 
mately this amount of methoxyl is unrecovered in oak wood lignin, isolated by the 
means of gaseous hydrochloric acid 

“ This was clearly demonstrated by TTcuser, Schmitt, and Gunkcl, Cellulose- 
chemie, 2, 81 (1921), who prepared a spruce lignin fraction in accordance with 
Hiigglund’s directions (loc. cit), but obtained a product very different from Hag-, 
glund’s lignin fraction. Cf Table I. 

^Ber., 54, 2417 (1921). 
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(and corresponded to the empirical formula C 40 H 44 O 12 ). Both of these 
lignin fractions could be methylated with (CH 3 ) 2 S 04 in the presence of 
alkali and these methylated products approached a methoxyl content of 
24 per cent, indicating that (assuming the correctness of the empirical 
formulas) 2 methoxyl groups had entered each lignin fraction and that 
6 methoxyl groups were now present in each fraction. It should be 
emphasized that Holmberg made no claim for the homogeneity of either 
of these fractions. 'J'he substances were amorphous and could not be 
characterized by any physical constants. 'J'able IV gives analyses of 
some of the hgnin fractions isolated by other investigators from the 
NaOH extracts of wood. 

Table IV indicates that while the lignin fractions isolated from black 
liquor are subject to variations in composition, they fall within the same 
general limits as those shown in Table III of lignin fractions isolated 
by the direct acid treatment of wood. The “alkali-lignins'* when fused 
with alkali also yield products similar to those formed on alkaline fusion 
of lignin isolated by means of acid. Anderzen and Holmberg studied 
the oxidation of alkali lignin by 30 i>er cent H-Oo. The products of this 
oxidation were oxalic, acetic, formic, malonic, and succinic acids. Vanillin 
when similarly treated also yielded formic, acetic, and succinic acids. 

A very recent article by Powell and Whittaker deals with a com- 
parison of “alkali” lignin fractions isolated from different woods:*® 
poplar, birch, ash, spruce, larch and pine with lignin prepared from 
flax shoves.*®®' The products were obtained by digesting the chipped 
wood with 8-12 ]x;r cent aqueous NaOII for 6-10 hours at 140-160° C. 
The black liquor was then treated with hydrochloric acid and the crude 
lignin, after washing and drying, was dissolved in aejueous acetone 
and reprecipitated by pouring into hot 20 i)er cent llCl. Analytical data 
indicate that all of the lignin fractions examined may be dcrivatwes of 
the same poJyhydro xycom pound , differing only in the number of methoxyl 
groups winch they contain. The hypothetical mother substance of these 
lignins is termed lifpwl, and CuIJjot )ir. is the empirical formula (tenta- 
tively"^ assigned to it. The “extended” formula for lignol is given as 
C 38 H 3 o 04 (CO) 2 (CIIO) (OT-l)o. If this formula is correct, the substance 
lignol contains nine hydroxyl groups. In the lignin fractions actually iso- 
lated, varying numbers of these — OH groups are methylated. As 
indicated in Table V, the ultimate analysis of such lignin fractions does 
not serve to distinguish between them On acetylation, however, those 
hydroxyl groups of lignol, which were originally unmethylated, were 
acetylated and from an analysis of these products (aoetylignin) the total 


Ber.. 56 . 2044 ( 1923 ). 

/. Chem. Soc , 127 , 132 ( 1925 ). 
Chem. Soc . 125 , 357 ( 1924 ). 



TABLE IV 

Analysis of Lignin Fractions Isolated from Alkaline Extracts of Wood* 
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number of methoxyl and hydroxyl groups in the original materials could 
be gauged. Similarly the lignin fractions could be partially methylated (up 
to the introduction of seven methyl groups) and then subsequently acety- 
lated (= acetylmethyl lignin). In all cases the sum of the number of 
methoxyl and acetyl groups totalled nine. The presence of one alde- 
hyde group in the wood lignin was indicated by quantitative reduction 
with Fehling solution. Besides this there appear to he two other car- 
bonyl groups, since “one molecule’' of methylated wood lignin appears 
to condense with three molecules of phenylhydrazine. These data, together 
with those obtained on the bromo-, chloro-, and nitro-lignins, are sum- 
marized in Table V. 

Criticism of Powell and Whittaker’s results would he premature. 
It is evident that while analytical data suggest the possibility of a parent 
substance like licpiol, this substance has not yet been isolated and that 
there is little evidence of the chemical homogeneity of any of the lignin 
fractions studied to date. ( )nc of the intere.sting features of the investiga- 
tion, however, is the fact that Powell and Whittaker's ultimate analysis 
of the different lignin fractions agree remarkably well with those obtained 
by Doree and Hall by the analysis of their lignosulfonic acid frac- 
tion obtained from si)ruce wood (discussed in Chapter 4 of Part II). 

Attempts to study the lignin as it exists in the original spruce wood 
were recently attempted by Klason and Fagerlind.®^ By means of ’ a 
long succession of alternate digestions with water and alcohol, approxi- 
mately 12 per cent of the wood could he dissolved out. Besides removing 
some carbohydrates, this extraction yielded a resinous material, which, 
after treatment with ]x*troleum ether (to remove oleoresins) could be 
resolved into two fractions, one soluble in chloroform, and the other 
soluble in alcohol and acetic acid. The latter, an optically inactive fraction, 
amounted to only 1 per cent of the original wood, hut showed the usual 
lignin color reactions and had the percentage composition 63.9 per 
cent C, 5.74 \kiv cent II, which closely approached that of a fraction 
isolated by Kla.son from spruce by means of acid (Cf. Table III) and 
which was in close agreement with Klason’s theoretical calculations on 
the i^ercentage comjiosition of the lignin actually present in wood.®^®' 
However, attempts to “dissolve” this lignin by means of the usual bi- 
sulfite treatment were not very successful and the material remains 
unidentified.*® 

“V. Chem Ind, 43, 257 T (1924). 

"Klason and Faf^erlind. “Sdiriften, Ver ZcllstoflF in Papier-Chemiker,” No. 2; 
Glason, Ber , 55B, 455 (1922). 

"•Klason, Ber., 53, 1864 (1920). 

"Klason reports (“tiber Naturprodukte” (1923), p. 20) that a product similar 
to this lignin fraction (termed “hemilignin”) was synthesized by the action of 
aqueous acetic acid on coniferin. This substance had the composition 63 92 per cent 
C and 6.0 per cent H, and was also practically incapable of adding bisulfite. 
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Summary of Analytical Data Obtained by Powell and Whittaker on Alkali-Lignins 
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Other means of isolating a lignin fraction which might approximate 
the lignin oHginally present in wood have been suggested, but few inten- 
sive studies of such fractions have been made. Hochfelder isolated a 
lignin by digesting dried spruce chips with ])hcnol at 180" for 48 hours, 
filtering the pulp, and recovering the lignin substance in the filtrate by 
distilling off the phenol. This lignin could be si)lit into two fractions, 
one soluble, one in.solubic in ether. The insoluble iMjrtion apparently 
contained free hydroxyl but neither carboxyl nor carbonyl groups. 
Legeler suggests that the so-called lignins studied by Hochfelder are 
condensation products of the non-ccllulosic ]X)rlions of the wood with 
phenol, in which some of the sugars have also j)layed a role. Other 
investigators like Jonas'” and Schrauth and (Juasebarth present evi- 
dence that i)henol actually forms a condensation product with lignin 
(“phenol-lignin”). 

Examination of “Willstatter Lignin” 

Of all lignin fractions isolated from wood (other than “lignin de- 
rivatives” formed in certain technological t>roccsses) that obtained on 
treatment with fuming hydrochloric acid {lllUstatlcr lignin so-called) has 
received the most intensive study. 

Mild methods for the gradual degradation of Willstatter lignin do not 
seem generally a])plicablc, and the dra.stic methods that ha\e been em- 
ployed by various investigators throw comparatively little light on the 
constitution of this fraction. Nevertheless their results are suggestive. 
Lignin is a])i>arently very susceptible to oxidation. Treatment with 
alkaline permanganate, potassium chlorate, or nitric according to ifag- 
glund gives rise to acetic acid without the formation of oxalic acid. 
However, the nature of the products of lignin oxidation must depend 
on the technic used, since both Heuser and his co-workers and Kiinig 
rejiurt the ]>roduction of oxalic acid in large amounts. Imming nitric 
acid yielded an unidentilied nitrocompound, while ozone yielded formic 
acid and other substances that were lower in carbon content than was 
the original lignin It is evident that the usual methods of oxidation fur- 
nish nothing of value regarding the constitution of Willstatter lignin. 

A new “pressure oxidation” develojxxl by iMscher and Schrader®*’ 
permitted a more prodmtiv^e exploration of the lignin complex. When 

““BeitraKo ziir Keiintmss clcr Lif(niiisiil>stancen,” through C A , 15, 2470 

•“Legeler, Cclluloscchvvnc , 4, 61 (1923) 

•• Through C A , 15, 3663. / 

”Ber. 57 B, 854 (1924). 

'^Arkw. Kenu. Afineial. Gcol , 7. Part 8, 18 (1918). 

** Cellulose chemic, 2, 112 (1921). 

•“Konig, loc. cii 

^Ges. Abhandl. Kcnnt Kohle, 4, 13 (1919) ; 5, 221 (1920). 
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lignin was oxidized in the presence of 2.5 N NaOH under pressure dur- 
ing several hours at 200° C., the indefinite “humic acid” was an impor- 
tant reaction product. If, however, the pressure oxidation was carried 
out at 300° for 4 hours, a number of well characterized oxidation products 
were formed. These included 8.3 per cent aliphatic acids and 3.1 per 
cent aromatic acids. The former included formic, oxalic, succinic, and 
fumaric acids, while the latter were comprised of benzoic, phthalic, mel- 
litic, and benzopentacarboxylic acids.®^ The isolation of these aromatic 
bodies is of more than passing interest. While they fail to account for 
the major portion of Willstatler lignin, they strongly suggest the pres- 
ence — in this fraction — of a central aromatic or hydroaromatic nucleus.®® 
However, the possibility of other cyclic nuclei and of aliphatic side chains 
is certainly not excluded, and it is necessary to interj>ret pressure oxida- 
tion data with due caution. At temperatures ranging from 200-300° 
and in the presence of alkali, the formation of these acid products may 
well be due to secondary reactions. 

Reduction of Lignin 

Willstiitter and Kalb have investigated the hydrogenation of Will- 
statter lignin (obtained from beech and red spruce) and compared the 
products with those obtained under similar treatment from other phyto- 
chemical products. When the lignin fractions were heated at 250° for 
4-5 hours with hydriodic acid and phosphorus, they yielded as the final 
product (unaltered by further treatment) a mixture of hydrocarbons 
that could be separated into a liquid (acetone soluble) portion, and a solid 
(acetone insoluble) portion. Intermediate fractions included heterogene- 
ous ether-insoluble substances and an acid substance. The hydrocarbon 
fractions were themselves mixtures and formed an analogous (not an 
homologous) scries of hydrocarbons ranging in molecular weight from 166 
to 842. The liquid mixture had an average composition of 87.81 per 
cent C and 12.04 jier cent IT, while the solid jx)rtion averaged 88.66. 
I>er cent C and 11.47 per cent H. The mean emjnrical formula cal- 
culated for the entire mixture closely approximated CJIs or (CHia), 
and the i)roperties of the products recalled those of the hydrnaromatic 
hydrpearbons. It became evident that the hydrocarbons were not formed 
through the intermediate (well-known) transformation of a hexitol into 
hexyliodide, since the final hydrocarbon mixture could not be obtained 
from iodohexane, while it could be obtained from mannitol. Similar 
hydrocarbon mixtures were also obtained when humin-like substances, 

•’Fischer, Schrader, and Frederick, Ges. Ahhandl. Kcnnt. Kohlc, 6, 1 (1921). 

“The fact that cellulose, under similar conditions of pressure oxidation, does not 
yield similar products serves as a means of differentiating between these two com- 
ponents of the cell wall 

55, 2637 (1922). 
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cotton cellulose, xylose, and dextrose were subjected to the same drastic 
hydrogenation. Here, however, the quantitative results showed marked 
differences, as indicated in Table VI. 


TABLE VI 

Comparison of Results Obtained by Willstatter and Kalb on Hydrogenating 
Lignin and Various Carbohydrates 


Starting Product ( 100 g ) 

Ether- 
Insoluble 
Fraction 
in Grams 

Total 

Yield 

Hydro- 

carbons 

Grams 

Liquid 

Hydro- 

carbons 

Grams 

Solid 

Hydro- 

carbons 

Spruce ligmn 

... 23 

28 

16 

10 

Beech lignin 

... 23 

32 

IS 

17 

llumin-like substance 

... 47 

20 

10 

10 

Cotton cellulose .... 

9 

20 

8 

12 

Glucose 

3 

17 

11 

4 

Xylose 

... 14 

16 

8 

7 

Mannite 

3 

16 

12 

3 


Willstatter and Kalb explain the formation of the analogous series of 
hydrocarbons by assuming that a reactive intermediate product is formed 
during hydrogenation and that this can polymerize through a “carbon 
condensation.’’ The polymerization apparently stops at various stages 
(as indicated by the ditferent molecular weights of the final products) 
due to accompanying iirogressivc hydrogenation. At each stage completely 
hydrogenated hydrocarbons are formed, and these have lost their power 
to polymerize further. It is suggested that the intermediate products may 
be furan derivatives or diolefines. 

Since cellulose and the humin substances give higher yields of the 
hydrocarbons of high molecular weight than does the glucose, Willstatter 
and Kalb assume that the skeletal nucleus of the reactive intermediate 
substances may be preformed to a large extent in the parent substances. 
In other words, it is not necessary to assume extensive preliminary 
degradation during the hydrogenation of cither lignin or cellulose, and 
from this follows the hypothesis that there may be a relationship be- 
tween lignin and the jxilysacchaiides of the cell wall. This hypothesis 
is at variance with those of many other investigators but it may perhaps 
be brought into harmony with the seemingly conflicting data of these 
other workers. Attempts that have been made to effect this reconcilia- 
tion will be briefly treated in the next chapter. 

The hydrocarbons obtained by Willstattcr’s hydrogenation of lignin 
have not been definitely identified. However, Schrauth showed that 
one of Willstatter and Kalb's hydrocarbon fractions was at least very 
similar to a product obtained by Schrauth and Goring by the intramolecular 
removal of water in l-(7-bicyclohcxyl-2-cyclohexanone, followed by com- 

""Z. angew. Ghent., 36, 149-52 (1923). 
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plete hydrogenation of the molecule. The properties of Schrauth and 
Goring’s product (Ci«Hao),the fully hydrogenated 9, lO-benzophenanthrene, 
and of Willstatter’s fraction {b^mm 150-70°) are given in the following 
suggestive table (Table VII), which also shows the similarity between 
another of Willstatter’s hydrocarbon fractions and the cyclohexylcyclo- 
hexane described by I’orsche and Lange.^"' I'he hydrogenation of 
Willstiitter lignin in a zinc dust distillation has been carried out by 
Karrer and Bodding-Wiger but the results are inconclusive. Here 
the reduction finally led to a series of fractions from which a solid hydro- 
carbon melting at 210-212° C. was isolated. This comjxiund had the 
approximate empirical formula Colin. Other compounds were not identi- 
fied but all fractions had relatively low molecular weights (ranging from 
162 to 250) and in this at least they resembled the fractions obtained by 
Willstatter and Kalb. 

Degradation o£ Lignin and the Pentosan Question 

The action of mild hydrolytic agents on Willstatter lignin has not 
been extensively investigated. Hagglund in a ])reliinmary communica- 
tion reiKirted that on heating Willstatter lignin with successive jxirtions 
of 3 per cent ilC'l, he obtained appreciable amounts of unfcnnentable 
sugars which were shown to consist largely of arabinose. After one hydrol- 
ysis, over 15 ]x;r cent of sugar was obtained Succeeding hydrolyses also 
yielded sugars but evidently the degradation of lignin became mure sluggish 
and sugar yields decreased with each succeeding hydrolytic treatment. 
Because of the great importance of the subject, Jlagglund's work requires 
amplification and confirmation. 

Whether or not jientosans or furfural-yielding bodies are actually 
part and jxirccl of Willstatter lignin has formed the subject of several 
scientific debates The consensus of opinion seems to be that the pres- 
ence or absence of iientosans in lignin di‘])ends on the technic used in 
isolation and that Willstatter lignin can bo i)rei>arcd which no longer 
responds to the furfural test. However, .Schmidt, (ieissler, and Ardnt 
report that when Willstatter lignin zvhicJi is apparently pentosan- free, is 
treated successively with ClOg and Na^St ).(, a water soluble jientosan is 
actually isolated which gives the usual pentosan reactions. Jlis explana- 
tion of this puzzling phenomenon is that only after the chlorine dioxide 
and sulfite have caused the removal' of the aromatic encrusting bodies 
of the lignin can the suppressed “encrusting iientosans” be isolated and 
38, 2769 (1905). 

Helvetica CInm. Acta, 6, 817 (1923). 

^Ber, 56, 1866 (1923). 

^“*Cf. H;igglund and Malm, Cellulose iherme, 4 , 73, 85 (1923); Heuser, ibid, 4 , 
77, 85 (1923). 

56, 23 (1923). 
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examined. According to Schmidt, the cell membrane consists principally 
of two (heterogeneous) substances: (1) the '‘skeletal substance” (made 
up of cellulose, “hemicelluloses” and pentosans all unattacked by ClOa), 
(2) the encrusting materials (made up of hexosans and ^jentosans which 
are coupled with another substance in such a way that their presence 
cannot be detected until this substance is removed by CIO2). In other 
words, the CIO 2 treatment seems to resolve the non-cellular portion of 
the wood into an alcohol insoluble pentosan -containing polysaccharide 
fraction and an alcohol-soluble fraction — the latter rej>resenting the ma- 
terial which reacted with ClOa. Although the hypothesis of Schmidt is 
based on painstaking ex])erimental work and has been hailed by 
Pringsheim as an im]X)rtant contribution to the chemistry of lignin, 
it has been refuted by lleuser^*’^ and Heuser and Merlau.^®® The ques- 
tion of the polysaccharidic nature of the lignin remains an open one — 
awaiting further experimental results. 


Vacuum Distillation of Lignin 

The products of vacuum distillation of lignin are quite different from 
those obtained when the common disaccharides are submitted to similar 
treatment. Tropsclij’^*” distilling a Willstatter (spruce) lignin under 1-12 
mm. pressure at a temiierature not exceeding 450°, obtained about 9-11 
i:)er cent of a tar, 19-23 iier cent of an aqueous (acid) solution, and 53-55 
per cent of coke. The greater piirt of the tar was soluble in either Na 2 C 03 
or NaC^ll solutions. Less than 2 iier cent was removed by NaHSOa, and 
the residue from these treatments amounted to about 7.5 per cent. 

Pictet and Gaulis working independently with a lignin prepared 
industrially by the action of fuming IlCl on spruce wood, carefully ex- 
amined the components of a tar obtained in a vacuum distillation carried 
out at 350-390° C. and at 5-25 mm pressure. The greenish-brown fluores- 
cent tar obtained in this way represented only 15 per cent of the total 
lignin and of this tar about 1 1 per cent was insoluble in alkali and soluble 
in ether. The alkali soluble fraction of the tar was treated with acid, 
but not exhaustively studied. In this fraction, however, eugenol 


CH3O - 


HO- 


\ 


CH.CTI:CHj 


\/ 


’""“Die l’olv.saccharide,“ 1923, p 101. 
/?rr , 56, 907 (1923) 

Cellulose t /ir wuf . 4, 1 0 1 (1 923 ) 
^^Brenmtolf Chevi . Z, 2>2\ (1922). 
''^Helvetica Chim Ada, 6, 627 (1923). 
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was definitely identified and the investigation is being continued. The 
smaller, ether soluble fraction was shown to consist 6f a mixture of 
saturated and unsaturated hydrocarl )ons, of which those listed in the 
following Table VIII were isolated. 

Pictet and Gaulis’ distillation evidently yields a certain proportion 
of hydroaromatic hydrocarbons as well as phenols. These findings lend 
further support to the various bits of evidence that the aromatic nucleus 
is present in lignin. However, Pictet conservatively points to the fact 
that only a very .small fraction of the lignin complex has actually been 
explored and that Willstatter lignin is evidently a mixture containing a 
number of comixincnls that differ markedly in chemical properties and 
that presumably the lignins from different sources are quite different. 
Pictet’s work on vacuum distillation of lignin has an interesting bearing 
on the controversy raging over the origin of coal. 

TABI.E VIII 

HyDROCARKONS IsOLATFU FROM PRODUCTS OF VACUUM DISTILLATION OF WlLLSTATrER 

(n)n Other Data 

1 4468 
1 4532 

1 4541 Probably identical 

with a hydrocarbon 
found in “vacuum tar” 
from coal 

— Found in vacuum coal 

tar. 


15119 Found in vacuum tar. 

1 5226 

1 5422 Tetrabromo derivative 
UlbiBr*. m 193“. 


In Chapter 2 we referred briefly to the fact that pectins were pre- 
sumably absent from the middle lamella of woody tissue. Ritter”^ has 
made a study of the microscopical changes that occur when lignin is 
isolated from wood by means of acid or when cellulose is isolated by a 
chlorination method which removed the lignin. When thin wood sections 
(basswood, etc.) were chlorinated for 3 minutes /in a glass slide, the 
color of the middle lamella changed to an orange yellow. Uixin addition 
of hot Na^SO;,, the middle lamella became wine colored and gradually 

“*/«</. Eng. Chem, 17, 1194 (1925). 


Lignin 


Hydrocarbon 

Boiling Pt 


fCtaH*. 

. 235-40“ 

0 8091 

CuH* . . 

260-70“ 

0 8138 

Ci«Hao 

270-80“ 

0 8218 

C^ll*4 

, . 315-20“ 

0 8579 

CjoHao (mc-lcne) 

my. 62-3“ 

■ 

Culha .. 

200-10“ 

0 8964 

FjzHji, 

230-40“ 

0 9172 

CiJb, (?) 

250-60“ 

0.9372 


Distribution of Lignin in Wood 
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dissolved. After 3-4 such chlorinations, each followed by sulfite treat- 
ment, the middle lamella had disappeared completely. On the other hand, 
when wood sections were treated with 72 per cent H2SO4, that part of 
the cell wall which transmitted ix)larized light (i.e. the secondary layer) 
swelled and gradually dissolved, except for a small amount of finely 
divided residue. Under these conditions the middle lamella remained 
intact. Evidently then the material which the chemist has usually desig- 
nated as lignin is found largely in the middle lamella A smaller amount 
is present in the secondary layer (i.e., what Ritter terms “the cell wall’'). 

Ritter devised a technic by which these two tyjxjs of lignin could 
be seixirated and investigated further. Small cubes of wood 3 mm. on 
edge (after extraction with alcohol-benzene and boiling HgO) were 
treated for 24-36 hours with 72 per cent II2SO4. The acid mixture was 
then diluted with water to 3 ])er cent and boiled for 5 hours and the 
finely divided lignin jxirticles separated and filtered on a crucible and 
washed with water. The bulk of the “lignin’’ (the substance of the 
middle lamella) retained a continuous structure and the shape of the 
original block of wood. This lignin network was washed repeatedly 
with hot water to remove the amorphous lignin of the secondary layer. 
While a complete se])aration of the two lignin tyixis was probably not 
effected, Ritter was able to obtain roughly quantitative results. The two 
different kinds of lignin were then sej)arately weighed. In the case of 
red alder, the middle lamella lignin contained 13.6 ])cr cent methoxyl while 
that of the remaining cell wall contained only 4.K \ytr cent MeO. Similarly 
in western white pine the middle lamella lignin (not quite free from 
cellulosic material) contained 10 8 ]x?r cent methoxyl while the lignin of 
the secondary layer contained 4 3 per cent JVleD. Ritter has thus de- 
veloi>ed an approximate method for the (juantitative separation of at least 
two lignin types and has opened a new field of investigation. His work 
is a confirmation of the hyixithesis that the “lignin” of wood is non- 
homogeneous. 



Chapter 4 

Lignin Derivatives and the Constitution of Lignin 

Halogen Derivatives 

The chlorine derivatives t)f a lignin fraction were i)rohah]y first studied 
by Cross and Revan ^ hut their work was carried out largely on jute. 
According to their statcincnls, the chlorination of jutc yielded a definite 
“lignone chloride’' represented by the empirical formula; CiuHihCCOo 
(= 26.7 per cent Cl) and “allied to mairogallol and Icucogallor' (products 
of the chlorination of pyrogallol), in combination with a furfural-yield- 
ing complex. A bromt) derivative of lignin, containing 23.3 ix;r cent Br. 
was also described by Cross and Bcvan.“ 

Jn an analogous study of the cbloro derivatives of spruce lignin made 
by lleuser and Sicber/' a product was obtained containing 47.03 jxjr 
cent C\ 4.50 |)er cent II and 22 66 per cent Cl but which was not 
homogeneous and which yielded neither ])yrogallol derivatives nor furfural 
(when distilled with acid). Other halogen derivatives of lignin have 
been ])rei)ared. I lolmberg obtained a lignin chloride by chlorination 
of Willstatter lignin, which contained about 41 ]x;r cent Cl, and a bromide 
which contained 64-05 per cent Br Neither of these were homogeneous 
substances. On the other hand. Jonas who also chlorinated Willstatter 
lignin '■ claims to have carried out reproducible exj)eriments and to have 
obtained the identical lignin chloride whenever he chlorinated under care- 
ful cooling, it is evident that a future critical .study of the halogena- 
tion reactions will be necessary before any statement can be made re- 
garding the homogeneity of any halogen derivatives of wood lignin. The 
imixvrtant role played by chlorination in the analysis of wood and in the 
Cataldi-Pomilio and de Vains proces.ses for delignifying wood would 
certainly warrant such a study. The introduction of halogen atoms into 
lignin fractions has been variou.sly taken as evidence of the ethylene link- 
age and of the presence of an aromatic (or hydroaromatic) nucleus in 

V. Chem. Soc, 38, 666 (1880), ct al 
V Chem. Soc , 41, 96 (1882). 

' Z. angew. Chem (Auf.satz), 26, 801 (1913) 

* Arkiv. Kemi Mineral. Ccol., 7, Pt. 8, 1 (1918). 

*Z. angew. Chem. (Aufsatz), 34, 289 (1921). 
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lignin. But, on the basis of conflicting or incomplete experimental data, 
such interpretations appear premature. 

Alkylated Lignin 

The presence of hydroxyl groups in isolated lignin fractions is clearly 
indicated by alkylation experiments. Heuser, Schmitt and Gunkel ® were 
able to increase the melhoxyl content of a Willstatter lignin from 14.7 
to 26.3 per cent, by successive methylations, using 10 per cent NaOH 
and an excess of dimethyl sulfate. This “methyl lignin” could be gradu- 
ally demethylated by heating in a sealed tube with 5 per cent HCl at 
170-180° C. The rate of demethylation was slow and the completely de- 
methylated product (obtained after four successive treatments with HCl) 
was quite different from the original lignin. Degradation of the lignin 
was indicated where attempts were made to rcmethylate the methoxyl- 
free product. Remethylation never yielded products containing more 
than 6 per cent methoxyl. 

One of the interesting features of this investigation lies in its demon- 
stration of the difficulty in obtaining rcjiroducible results in synthesizing 
lignin derivatives. Previously, Meuscr and Lindborn " carried out the 
methylation of a Willstatter lignin fraction which resulted in a methyl- 
lignin containing 34.6 ix?r cent methoxyl. This high methoxyl content 
may have been due to ixilysaccharides retained in Lindborn’s lignin 
fraction, since the presence of these carbohydrates would account for an 
increase in the percentage of h>droxyl and subsequent methylation would 
cause a marked increase in the methoxyl content 

Reference has already been made to the “methyl lignins” prepared 
from a- and ^-lignin fractions isolated from black liquors by ITolmberg 
and Wintzell." These investigators also used alkali and dimethylsulfatc, 
but in neither case did they rcjicat the methylation until the methoxyl 
content of their lignins remained constant. Both of the “alkali lignins” 
studied, yielded metliyl lignins containing ajqiroximately 23 per cent of 
methoxyl. 

Acylated Lignin 

The acetylation of lignin has already been briefly mentioned. HeU! 5 er 
and Ackermann ® acctylated a Willstatter spruce lignin fraction (con- 
taining 13 per cent methoxyl and no iientosans) by five different methods, 
giving special consideration to the conditions for maximum acetylation 
without hydrolysis of pre-existing giuups. When lignin was heated 

*Ccllulosechemie, 2, 81 (1921) 

^ Cited m Cellulose c hemic, 2, 81 (1921). (Original reference not given.) 

*Loc. cit. (Cf. previous chapter.) 

* Loc. cit. (Cf. previous chapter.) 
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with a mixture of acetic anhydride and pyridine for 1.5 hours on a 
water bath, maximum acetylation was obtained, and the ligiiin acetate 
thus formed yielded 32 jxir cent acetic acid on hydrolysis ( c: 23.3 per 
cent CH 3 — C — ). Continued heating for 1.5 hours caused a marked 

. A 

decrease in the acetyl value, the product giving only 16.9 per cent acetic 
acid on hydrolysis. A similar maximum in acetylation was reached 
( o 32.4 per cent acetic acid) when the original lignin was heiited at the 
iMDiling ix)int with acetyl chloride for two hours. Continued heating also 
caused partial hydrolysis. On heating the lignin with a mixture of 
acetic anhydride, acetic acid, and a few drops of fuming nitric acid for 
1 hour, a product )del(ling 31 \yer cent acetic acid was formed. Continued 
heating for another hour gave a product yielding only 15 per cent acetic 
acid, but further heating for 3 -S houis longer caused rcacctylation and 
gave rise to a product yielding nearly 43 jkm* cent of acetic acid (and 
6.4 per cent niclhoxyl) on hydrolysis. 'I'his high acetyl value is appar- 
ently due to a fission of part of the original melhoxyl, followed by an 
acetylation of the regenerated hydroxyl groups. Acetic anhydride alone, 
or acetic anhydride and sodium acetate, proved to be rather sluggish 
acetylating agents. 

Lignin Derivatives of Waste Sulfite Liquor — The Ligno- or Lignin- 
sulfonic Acids 

(If all the lignin derivatives subjected to close study, those produced 
by the action of sulfite liquor (Ca(HS 03)2 and H 2 SO 3 ) on coniferous 
woods hold front rank. Since this liquor rei>resents the waste of the 
sulfite pulp industry and since it holds in solution much of the non- 
cellulosic material of the original cell wall, iiiten.sivc technological research 
in this field must be considered a logical devclo])ment. However, it is 
not quite so clear why investigators have insisted that the results of such 
researches must have a bearing on the constitution of components of 
the lignin. The lignin derivatives in the waste liquor contain sulfur, and 
arc apparently salts of sulfonic acids, although all of the sulfur is not 
bt)und in this stable form They bear some resemblance to the tannins 
and some of the proximate groups present appear to be the same as those 
found in Will.statter lignin, 'fhese industrial products have been grouped 
together under the very ela.stic term lignosulfonic (or ligninsulfonic) 
acids. 

Despite the immense amount of research lavished upon these products,^® 
research that has been of marked technical importance, Pringsheim, one 

“Cf. Johnsen and Hovey, “Utilization of Waste Sulfite Liquor,” Can, Forestry 
Branch Bull. No. 66 (1919). 
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of the most astute workers in the field of polysaccharides and their re- 
lated products, has said, “We cannot believe that a deeper insight into 
the nature of the lignin molecule will be gained by these studies (on the 
lignosulfonic acids).” Nevertheless, so many of the speculations regard- 
ing the “lignin molecule” have come as a direct result of just such 
studies that we may be warranted in describing the work in this field 
in some detail. 

The difficulties under which investigators of sulfite liquors have 
worked are worthy of attention. Their concentrated spent sulfite liquor 
contained the lignin derivatives in the colloidal state, besides inorganic 
salts, and fermentable and unfermenlable sugars obtained during the 
cooking ojjerations. When precipitating agents, such as CaCl., or NaCl, 
were used, a part of these lignin derivatives separated as amorphous pre- 
cipitates, often quite difficult to filler, still more difficult to wash free 
from impurities, and frequently difficult to dry without change. Some- 
times the lignin derivatives were isfilated as lead salts, more frctjuently 
as sodium, calcium, or barium salts, sometimes as aryl amine derivatives, 
and at other times as the free sulfonic acids. Practically all of these 
products defied crystallization. The free acids always carried appreciable 
amounts of mineral matter. Investigators ordinarily had no criteria of 
the homogeneity or purity of their jiroducls other than the approximate 
constancy in analytical data obtained on these products after repeated 
fractional precifiitation or dialysis. Under the circumstances, it is .sur- 
prising that certain investigators have placed so much reliance on their 
calculated empirical formulas and that others had the temerity to express 
their results in terms of definite constitutional formulas, some of which 
have been all too readily accepted and copied by editors of technical 
publications and trade journals. 

Probably the first investigator to suggest the presetu'e of a calcium 
sulfonate in si)ent sulfite liquors was Pedersren,'’ and the first analyses 
of this rather questionable substance were rcjxirted by l.indsey and 
Tollens,^" who a.ssigned the cnifiirical formula h) the “free 

lignosulfonic acid” with the specific reservation that the uncrystallizable 
material from sulfite liquor might be heterogeneous and that the formula 
represented only the mean percentage comjxisition. Lindsey and Tollens 
also raised the question as to whether or not the product from sulfite 
liquor was related to the tannins. They .showed that although their 
product precipitated hide jxiwdcr and gave an in.soluble precijiitate with 
lead acetate, it did not give the characteristic tannin reactions with iron 
salts. 

Papicrseitunci, 15 , 422 ( 1890 ). 

^Ann., 267 , 341 ( 1892 ). 
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Shortly thereafter, Streeb” analyzed a barium salt of a lignosulfonic 
acid, which approached the empirical formula CgeH^sGooSaBa and in which 
three methoxyl groups were apparently present. This corresponded to a 
formula of the “free acid” of ajiproximately CisHssOuS, a substance of 
much lower carbon content than those previously described. Streeb also 
obtained experimental evidence that the products from sulfite liquors 
were actually sulfonic acids. On heating with alkalis or alkaline earths 
the products were decom]X)sed into the correspcjnding sulfites and “lignic 
acids” which closely resembled the products described by Lange. 

Seidel some five years later showed that when he isolated the sul- 
fonic acids from sj^nt liquors of different sources, he obtained products 
which showed decided variations in ix:rcentage comjKJsition. (')ne of his 
products approximated the empirical formula of the product previously 
described by Lindsey, hut this may have been fortuitous. 

Seidel’s findings regarding the non-homogeneity of lignosulfonic 
acids were amijly confirmed by Spitzer and Honig who showed that 
a number of different lignosulfonic acids could be isolated from in- 
dividual sulfite liquors. On concentrating the liquir in vacuo, freeing 
the “sulfonic acids” by means of 1 12804, and converting the acids into 
the barium salts, llonig and Spitzer were able to separate these com- 
pounds by fractional precipitation with alcohol. In this way they ob- 
tained at least three different fractions which were clearly differentiated 
by their different methoxyl content. To these fractions they assigned the 
formulas: C^^Hr.oOisSoLa, C'4oH 14^ hH^aBa, and C74Hii4048S2Ba, at the 
same time frankly admitting that the fractions were not necessarily 
homogeneous comjKHinds. It is intere.sting that the second barium salt 
tallied closely in |XTcentage comjiosifion with a lignosulfonatc described 
by Klason, and that all of the barium lignosulfonates ” when heated 
wdth barium hydroxide for 4-6 hours yielded appreciable amounts of a 
substance which appeared to be homogeneous and the i>ercentage com- 
jxisition of which indicated the formula, C,7H2 tOv»(( ICTIs) SBa. Judging 
by its color reactions and by its precipitation reactions, this substance was 
evidently related to the catechu tannins. Honig and Spitzer also found 
that all of their barium ligno.sulfonates yielded ajipreciable amounts of 
protocatechnic acid when fused with alkali. 

Melander’s painstaking work on sulfite liquor also indicates that 
different liquors yield different products and that a number of different 
lignin derivatives may he isolated from one individual spent liquor. 

Mittheilun(/cn K Icchn l\'rsurh^anstaH, Berlin, 11, 23,(1893). 

hoc. cit. 

M lit. Techn Gcw. Mus , 7, 119 (1897). 

^Monatsh, 39, 1 (1918) 

”Cf. llonig and Fuchs, Monatsh , 41, 215 (1920). 

^ Cellulose chemie, 2, 41 (1921). 
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Melander made use of NaCI in precipitating one of his lignosulfonate 
fractions. This material (a mixture of sodium salts) he converted into 
the free acid (which he attempted to purify) and also into derivatives 
of such organic bases as o-toluidine. After analyzing his various ligno- 
sulfonic acid fractions, calculating empirical formulas, and from these 
calculating the hypothetical sulfur-free lignin formulas,^® Melander con- 
cludes that the lignins in the different fractions obtained from a single 
liquor have approximately the same i)ercentage composition, but that the 
composition varies sufikiently to render it improbable that a homogeneous 
lignin derivative had ever been isolated. Differences between different 
lignosulfonic acid fractions became more striking when a number of 
different liquors were examined. “We must emphasize the fact,” says 
Melander, “that calculated sulfur-free lignin formulas remain uncertain 
because of the complex, amoq^hous, and high molecular nature of the 
lignin.” F. Kdnig also ixiints to the fact that lignosulfonic acid must 
be considered a heterogeneous mixture of related compounds, the per- 
centage comiiosition of which varies with the source of the liquor and 
the methods of isolation used. These results have been confirmed by other 
investigators.*' 

Despite the accumulating data in evidence of the non-homogeneity of 
“lignosulfonic acid,” certain investigators have taken the stand that 
definite lignosulfonates can be isolated Of these, Klason is perhaps 
the outstanding protagonist for the existence of homogeneous lignosul- 
fonales. On the basis of his analytical data on the lignosulfonates, 
Klason has not only devised empirical formulas but constitiitioml formulas 
for the ptirent substance lignin. These constitutional formulas have 
changed from time to time to keep pace with Klason’s accumulating ex- 
perimental data. 

Most of Klason's work was done on spruce lignin derivatives. 
His earlier work indicated that the barium salt of an individual ligno- 
sulfonic acid isolated from spent sulfite liquors approached the formula: 
C4oH4oOi7Si.ria. Later ““ his investigations of a calcium lignosulfonate 
indicated that this compound had the formula: C4oH440isS2Ca and that the 
lignin (from which this was derived) was C^oHi^Oio = (C4oH440isS2Ca 
minus Callov^-jOf,). On the basis of more intensue work, however, 
certain phases of which have already been discussed, Klason concluded 
that sulfite waste liquors contained tyi^o different lignin sulfonic acids.*’ 

"Obtained by deducting the elements of (IbSOi) .siilfurous acid from the ligno- 
sulfonic acid formulas 

^ Celluloscchcmk, 2, 94 (1921). 

“Cf. McKee and Barsky, Paper Trade J , 74, 46 (May 18, 1922). 

" Arkw, Kemi Min. Geol., 6, Pt. 15, 7 (1917). 

"Most investigators seem agreed that two different types of lignosulfonic acids 
exist. One type is readily precipitated by NaCl, CaCb, and the aiyl- and naphthyl- 
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one of which is precipitated by CaCU as the more common calcium ligno- 
sulfonate while the other is left in solution. The first of these, accord- 
ing to Klason, is identical with the substance piecipitated as a yellow 
anhydro salt by means of ( 3 -naphthylamine.-* This lignosulfonate appears 
to be the derivative of a lignin (termed “a-lignin” or “acrolein lignin”) 
to which Klason assigned the formula CZ2II22O7 and which he believes 
has the — CH : CH — CH ; O grouping. A ptiori on the basis of Klason’s 
analyses the formula CoollzoOa (or C40II10O12) would appear more logical, 
but Klason on examining the sulfite liquors found that they contained 
approximately the amount of acetic acid that would account for one acetyl 
group in the original lignin. Furthermore on methylation of the “acrolein 
lignosulfonic acid” fraction, Klason finds that the jxir cent methoxyl has 
been increased in an amount that accounted for one free hydroxyl group. 
This is the hydroxyl group which Klason believes was acetylated in the 
original spruce (acrolein) lignin. Therefore, allowance for one acetyl 
group is made in Klason’s acrolein lignin formula which instead of 
CzoHjoOfl becomes C2 oHij,Ob( 0 — C — CH.-}). Besides this, Klason’s 

O 

acrolein lignin was believed to contain two methoxyl groups. In Klason’s 
later work he replaced the rather unsatisfactory analysis of calcium 
acrolein lignosulfonate by analyses of the yellow P-naphthylamine de- 
rivatives of the sulfonic acid. They appear to substantiate his earlier 
findings. The sulfite liejuor was fractionally precipitated with NaCl and a 
( 5 -naphthylaniine derivative prejiared from each of four fractions, as well 
as from the original mother liquor. All of these fractions showed the 
same average coin[)OS]tion of jier cent C, 5 39 per cent II, 5.73 per 

cent S, and 2 22 ^xt cent N, figures which correspond very closely to 
those demanded by an emiiirical formula of CaoIKaOgSN or 


C,7H,t(\CHz.CU< 


SOz.O 

: I 

CH :N — H 



which is in harmony with the assumption tliat (deacetylated) acrolein lignin 
is CzoHzo^^o- The freshly precipitatetl fi-naphthylamine derivative which 
is quite soluble in CH3OH is said to crystallize from its methyl-alcoholic 

amines. The other type is the more soluble, and remains in the mother liquors, 
which must be concentrated before the sulfonate can be isolated, rtman (Papierfab., 
14, 509 (1916)) has attempted to differentiate between these types by naming the 
former /ft/mxsulfonic acid and the latter the /f^HoiiPsulfonic acid, 'fhere is no 
convincing evidence, however, to force the conclusion that either of these is a 
homogeneous substance. 

•* Cf. Chap. 3 of this monograph. 
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solution, but Klason gives no analyses of the crystalline material. Klason 
also prepared the (x-naphthylamine and semicarbazide derivatives of acro- 
lein-lignosulfonic acid. Analyses of these, roughly confirmed his empirical 
formula, as did the analyses of various salts. Molecular weight determina- 
tions of these salts, however, were not entirely satisfactory. The oxida- 
tion of calcium acrolcin-ligno.sulfonate by ])erhy(lrol (30 per cent H^Oz) 
yielded a compound that could be precipitated with a-naphthylamine and 
this i)recipitate had the ]>crcentage composition of C+oHjhOuSNz which 
indicated the introduction of two njiphthylarnine groups. Klason explained 
this oxidation by assuming that a carbonyl group had been converted into 
a carho.vyl grouj) and a methylene into a carbonyl group. Furthermore, 
acetylation of the original a-lignosulfonic acid followed by saponifica- 
tion indicated that two hydroxyl groups had been originally present, and 
apparently one of these groups resisted mcthylation. Much of this ex- 
perimental data is not very convincing. 'I'he homogeneity of the product 
formed by jxirhydrol is in doubt and the j)rcsence of two dififerent types 
of hydroxyl groups, both of which can be acetylated and only one of 
which can be methylated, requires further confirmation.^'^ 

Klason’s soluble lignosulfonate (which he considered a derivative of 
P or acrylic acid lignin containing the — Cl 1 :Cli — COJi grou]>) was 
isolated as the calcium lignosulfonate from the mother liquors of a-ligno- 
sulfonate (that had been previously removed by precipitation with 
P-naphthylamine) In very concentrated solutions this P-lignosulfonic 
acid also combined with p-najilithylamine but unih two molecules of 
amine, (^n the basis of this, Klason assumed both — S( ).(H and a 
— CO . OH grouping in the compound which had the empirical formula: 
Caoll ,sO,oNoS. From this Kla.son formulated “acrylic acid lignin,” the 
precursor of the sulfonic acid, as (',„lIisO-, yXccording to Klason, spruce 
wood contains acrolein lignin and acrylic acid lignin in the ratio of 2 to 1. 

Klason also made some interesting attemiits to synthesize the lignins, 
Coniferyl alcohol, he found, changed on standing, and the two products 
obtained were ajqiareiitly the rc.sults of oxidation and polymerization, 
lloth had a[iproximately the same jierccntage comiKxsition as coniferyl 
aldehyde, but different molecular weights. One was apparently a dimer, 
the other a trimer of the aldehyde, lloth had the same i)ercentage com- 
position as unacetylated acrolein lignin, to which the dimer seemed closely 
related. In fact, the only difTerence. observed between the synthetic and 
the natural substance (according to Klason) is the inability of synthesized 
substance (termed “hemiacrolein lignin”) to re;ict readily with bisulfites. 

( )n the basis of these, and other experiments, Klason attempted to 

“ Klason had assumed that one of these groups was alcoholic, the other phenolic 
in nature. 

^Bcr, 56 , 300 ( 1923 ) 
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show the relationship between coniferyl alcohol and the two lignins. A 
recent hypothesis assumed that acrolein lignin is a polymerization product 
of coniferyl aldehyde, while acrylic acid lignin may be a condensation 
product of coniferyl aldehyde with caffeic acid. 'Phis hyiK>thesis, on 
the basis of later exjieriments, has been modiiied. Acrolein lignin now 
appears to be a combination of three molecules of coniferyl aldehyde with 
one molecule of coniferyl alcohol. This would require that the formula 
of dcacciylatcd acrolein lignin be doubled to 

Klason’s work has been so widely quoted that it must he examined 
critically. In our opinion, Kla.son has placed too much confidence in the 
homogeneity of his products. 1 le has always worked with large mole- 
cules, largely amorphous ])roducts, not with smaller, crystallizable de- 
composition products (obtained by mild hydrolysis, oxidation, etc.). In 
arriving at his formulas he consistently overlooks the fact that relatively 
small analytical differences in sulfur or nitrogen determination may affect 
his empirical formulas considerably, since the calculation of the empirical 
formula of a large molecule depends so much uixjn the accurate determina- 
tion of those elements which occur in the .smallest atomic ratios. Up 
to the present, none of his exi>erimental data offer incontrovertilile evi- 
dence that his working hypotheses or his con.stitiitional formulas are 
correct. This is borne out by the rapidity with which Kla.son himself has 
modified his .structural formulas. 

On the other hand, Klason’s interesting pioneering work has greatly 
stimulated research on lignin and has been of immense jnactical value 
in standardizing the cooking operations in .sulfite pulp manufacture. 
Furthermore, various ob.servations made by Klason have been directly or 
indirectly confirmed by iinc.stigators like llagglund 

A recent investigation by Doree and llall"*^ on a lignosulfonic acid 
fraction obtained by the action of 7 per cent H..S( on spruce wood at 
about 100° C. is of intere,st since* it deals with a jnirilied ])roduct and 
also assumes the homogeneity of the isolated lignosulfonic acid. In this 
ca.se the liquor was subjected to a preliminary dialysis which remov^ed 
hexoses, and pentoses, and which yielded a water soluble product 
that Strangely enough agreed in its eminrical formula with 
the lignosulfonic acid fraction i.sohited by Lindsey and 'rollens. 

Doree and Hall summaiize their work by •'tating that the “|>ersistcnce 
of the Cofi unit through all changes with a resi.stant nuclear unit of the 
order of C20 leads ... to the conclusion that the nucleus of lignone is 
hydroaromatic in character.” Their product is reminiscent of the acrolein 
lignosulfonic acid described by Klason, and they give' as their “dissected” 
empirical formula ; 

"Klason, Ber., 58, 375 (1925) 

“ Chem. and Ind., 43, 257 T (1924). 
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QiHi«02(S03H)(0H)2(CH20H)(CII0H)(0Cll3)..C^ 

H 

The evidence presented for the presence of some of these i^roups is rather 
scanty. For example, the “3 or 4 hydroxyl groups” are determined by 
the formation of the tri- or tetra-bcnzoatc. A corresponding acetate 
could not be ]>repared and the analytical data presented in the case of 
the benzoate are inconclusive. The evidence that there are three diflFcr- 
ent tyi^es of h3'droxyl groups in their lignosulfonic acid (i.c.. CKOIT, 
CH2OH, and phenolic ( ?) OH) is based on still more questionable data. 
The action of 5 per cent UNO,, it is assumed, leads to ( 1 ) the removal 
of the sulfonic group as H2SO4 ; ( 2 ) to the oxidation of a CH.OII 
and a > C = O to corresponding carboxyl groups, ( 3 ) to the oxidation 
of a CHOII to a carbonyl grouping. ( 4 ) to the fonnation of “nitro com- 
pounds” and ( 5 ) to the loss of one methoxyl group. The compound 
thus formed, it is claimed, has the “di.ssected formula”: C22H2oOr,( N()2)2 
(0H)8(0CH,) (C02lI)2(C0). On further treatment with 32 per cent 
nitric acid, oxidation proceeds further with the formation of a compound 
C22H240i2(N02)2(C02ll)t,. To tlic CHlical reader it appears that the 
experimental data are all too meagre h) support these assumptions. 

While Dorec and Hall’s analytical results on the original dialyzed 
lignosulfonic acid agree very well with tho.se required by their empirical 
formula, they admit that even their purified material carried as much 
as 6 I3er cent silicious ash. The analytical data recorded for certain of 
the derivatives of their lignosulfonic acid are certainly not convincing 
(e.g., the tribromo derivative, C20H00SO1 JJra, the phenylhydrazine deriva- 
tive of the nitro coiniX3und, etc.) and their “dissected formulas” rest upon 
interesting speculation rather than on the results of rigorous ex [jieri mental 
work. Klason,“^ who has repeated Doree and Hall’s work, believes that 
their lignosulfonic acid was in fact a mixture of two acids derived from 
acrolein lignin: C4of • ^HoSOa and C40H40O12 . H2SO3. 

Physico-Chemical Studies on the Lignosulfonic Acids 

The dialysis experiments of Doree and Hall recall that the 
physico-chemical character of sulfite iiquor has been studied by various 
investigators. Samec and Rebck,==® who had previously studied the mode 
of occurrence of II2SO3 and the equilibrium existing between the 
chemically “bound” and chemically “free” H2SO3 in sulfite liquors, have 
shown that on dialysis in parchment, sulfite liquor loses its free sulfurous 

•Kolloid Chem, Beihcftc, 19, 106 (1923). 

" KoUoid Chem. Beihefie, 16, 215 (1922). 
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add and any sulfites that are loosely bound to the lignin (to >C = O 
groups). The stable lignosulfonic acids are completely retained in the 
dialysis residue. J'dcctrodialysis following dialysis effected the separa- 
tion of a free lignosulfonic acid fractu)n in the middle compartment of 
the cell in which the acidity by titration corresponded almost exactly with 
the acidity as calculated from the sulfur content of the dried material. 
This material will presumably form the starting product for further inves- 
tigation from the Laibach laboratories. Klectrodialysis, however, also 
caused anodic oxidation, which was construed as evidence in favor of 
carbonyl groups in the hgnosulfonates. 

The difficulty m arriving at the approximate mtilecular weights of 
lignosul foliates becomes evident from the researches of Klason. In 
1911, this investigator reported as a result of cryoscopic study that the 
approximate molecular weight of barium hgnosulfonate was about 6,000. 
In 1917, he re^iorted that the molecular weight of calcium hgnosulfonate 
was 2,000 by the freezing i»oiiit ; about 1,0(X) by the boiling point method. 
Since then, both Melandcr and F. Konig have made independent critical 
studies of the molecular weight djeterminations as applied to the ligno- 
sulfonates. Melander**^ examined the so-called “lignin-S-acid,” a frac- 
tion isolated from sullite liquors by precipitation with NaCl, followed by 
isolation of the free acid. The equivalent weight of the acid was deter- 
mined by gradual additKJii of NaOH with simultaneous determination of 
electrical conductivity. This equivalent weight corresixjnded almost exactly 
with the equivalent weight calculated from JMelander’s analytical data, 
and he concludes that the lignosulfonic acid is monobasic. He also 
showed that the sodium Hgnosulfonate was inappreciably hydrolyzed and 
concluded that it contained no carboxyl group. Melander’s conclusions 
are that the molecular weight of the lignosulfonic acid is not a multiple 
of the equivalent weight, that this mean molecular weight is about 680 
from which the molecular weight of the jirccursor lignin (i.e., lignin- 
sulfonic acid minus ILSOg) approaches 600. Melander also made de- 
terminations of the “thermodynamic” degree of dissociation (y) which 
in the case of the free acid ranged from 0 62 to 0.88 (as calculated from 
the determination of hydrogen-ion concentration, using the hydrogen elec- 
trode and dividing the 11 -ion concentration by the normality). From a 
study of electrical conductivity, y ranged from 0.60 to 0.65. Apparently 
Melander also found that the degree of dissociation of sodium ligno- 
sulfonates over a wide range of concentrations resembled that of the free 
acid. Here the degree of dissociation varied from 0.63 to 0.79. 

Konig also studied the conductivities of solutions of free ligno- 

*^Svensk Pappers-Tid., 24, 377 and 396 (1921); C. A., 16, 4342 (1922). 

^'^Mcan molecular w^eight since the lignosulfonic acid is, of course, hetero- 
geneous, 

** Cellulosechemie, 2, 93 (1921). 
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sulfonic acid as well as those of a carefully purified barium lignosulfonate 
fraction (which of course was not considered homogeneous). The 
conductivity curve of the free lignosulfonic acid fraction showed marked 
similarities to that of including the usual maximum at a dilution 

of about 1 e(iuivalcnt to 2,000 liters. This similarity with H2SO4 was 
also indicated by decomixisition voltages of barium and zinc lignosul- 
fonates measured by Muller’s method,'** which gave the values 2.23 volts 
and 2.4 volts rcsjiectively. These values compared closely with those of 
the alkaline earth salts of a strong acid (=2.2) and that of ZiiS04 
(2.35 V). I'his also confirms M dander’s finding that sodium ligno- 
sulfonate is uiihydrolyzed. Konig’s other results (on the salt of ligno- 
sulfonic acid) are not quite in harmony with those of Melander. The 
conductivity measurements on barium lignosulfonate give the extra[X)lated 
value Ago at 18° = 74. Deducting from this the migration velocity of 
the Jla-ion = 55, the migration velocity of the lignosulfonic acid ion 
at inhnite dilution becomes 19 reciprocal ohms. This value does not 
check with the value of 9 3 mhos (at 25°) found by Melander, and 
which, according to Melander, is an exception to Bredig’s rule that 
mobility of ions approaches a minimal value of 17-20 when the molecule 
contains 50-f)0 atoms. However, so small a migration velocity is unique 
for both ions and colloidal jiarticles, whose velocity according to Zsig- 
mondy lies between 19.3 and 38 6. Konig explains the difference be- 
tween his migration velocity and that found by Melander by ixiinting 
to the i>o.ssible incorrectness of Melander’s extrapolation. However, both 
Melander’s results and Konig’s indicate that the conductivity of the 
lignosul foliates increases more slowly with increasing dilution than in 
the case of other salts— until a certain point is reached, at which the 
conductivity increases more raiudly than is customary with other salts. 
Konig explains these abnormal conductivity curves by assuming that there 
are two sets of equilibria in solution of the lignosul fonates. Colloidal 
particles molecules ; molecules ^ ions. At those dilutions at which 
the free lignosulfonic acid solutions apj^ear practically optically empty 
(i.e., in molecular or ionic form), the harium lignosulfonate still showed 
the presence of colloidal ]>articles. According to Konig similar equilibria 
exist in sulfonates of high molecular weight like benzoi>urpurin and congo 
red. ' 

Assuming the correctness of Konig’s hy]>othesis, the degree of dis- 
sociation of lignosul fonates cannot be accurately exprcss-cd by the ratio 

^ . The true degree of dissiK'iation is always much greater, although 

this does not seem to have been generally considered by other investigators. 

Konig has ixiinled out that molecular weight determinations by boil- 
“Elecktrochem. praktikinn,” p 85 (1919). 
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ing point and freezing point methods in the case of lignosulfonates can 
only give approximate mean values. An error is introduced due to col- 
loidal particles which have no appreciable effect on either elevation of 
boiling point or depression of freezing ix)int. However, this error is 

in part compensated for by the fact that the degree of dissociation ^ 

is too low. So it may hapi)en that the molecular weight calculated from 
analytical data may agree approximately with the molecular weight de- 
termined by other mej:hods without, however, justifying the conclusion 
that lignosulfonic acid is monobasic. 

Konig differs with Melander by assuming that the “lignosulfonic acid 
fraction” is mainly compo.sed of dibasic acids. 'I'he similarity of the 
conductivity curves of lrl;.S(_)i and of lignosulfonic acid, and the virtual 
impossibility of calculating even an a])proximate dissociation constant 
for lignosulfonic acid seem to justify this o]jinion. 

Summary 

The analytical work on the lignosulfonates is briefly summarized in 
Table IX. The lignosulfonates all retain methoxyl and hydroxyl groujw, 
and the sulfonic acid group is also invariably i>rcsent. Regarding the 
nuclei present in the lignosulfonates, investigators have left us in much 
the same doubt that exists regarding the nuclei in the various lignin frac- 
tions. The fact that protocatechuic acid is obtained from lignosulfonic 
acid on fusion with alkali, and that the action of Ila(()Il)j on lignin yields 
an ajiparently homogeneous substance related to the catechol tannins, 
strongly suggests the presence of aromatic (or hydroaromatic) nuclei. 

TAHLE IX 

Formulas oi- Lionosclfonates IIerivkd by Dii ferfnt iNVEsriCAToRS ♦ 

Composition of Ligno.siilfonate 
or Lignosulfonic Acid 
C»l{<„0„S 
C lef JiutViSjPa 

t jel 1 int 

f C«I l4zC)i7SiBa 
1 C4«H«0«SzCa 

C^ol luOwSjCa (acrolein lignin) 
CisHidOiaSCa (P-ligmn) 
■(\,ILolL«SzBa 

' C4oH440]iiS2Ba 
C«Hn4()«S/Ba 
C4«l i wOarSaBa 
CiolLoO^zS 

* Melander obtained such a largo number of related sodium lignosulfonate frac- 
tions that these have not been included in the table 
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The “Sulfite Liquor Lactone” 

The indefinite lignosulfonic acids, previously referred to, appear to 
be the principal components of waste sulfite liquor. However, when the 
spent liquors (after cooking spruce wood) are extracted with ether or 
benzol, a definite compound appears in the extract. Holmberg by means 
of immiscible solvents obtained less than 0.1 per cent of a lactone, 
C20H20O0, melting at 250-5°, containing 2 methoxyl groups, which could 
be converted into the corresponding hydroxy acid (C20H22OT) melting 

172-3°, [a]jj75°, which in turn reverts very readily into the lactone. 

Holmberg, has described a number of derivatives of the acid, including 
an amide, melting at 139-40°, [a|^ 85° (in acetone) and a diacetyl de- 
rivative C24H24OH, melting at 221-2°, [aj^ — 73.5°; a monosulfoxyl 
derwative C>oH2>OjoS, melting at 172-3°, and two broino derivatives. The 
lactone sublimes at about 220-30° with little change but when heated 
alKive its melting p(jint or on treatment with sodium ethylate it is ap- 
parently converted into an isomer, melting at 210-11°. Phenylhydrazine 
and semicarbazidc have no action on the lactone, which, however, couples 
readily with diazobenzidine. Ammoniacal AgNO., is reduced by the 
lactone. Fehling solution remains unaffected. Strong oxidizing agents 
yielded only oxalic acid. Dimethylsulfate yielded a dimethyl lactone, ^ilky 
crystals, melting at 179-80° and containing four methoxyl groups. This 
dimethyl derivative is converted, in part, into an isomeric dimethyl lactone 
(melting about 145°) on heating. Both of the dimethyl derivatives 
formed corresponding crystalline hydroxyacids. While phloroglucinol 
and hydrochloric acid gave no coloration with the lactone, the reagent 
gives a cherry red coloration with alkaline solutions of lactone, oxidized, 
in air. All of Holmberg’s carefully purified products were crystalline, 
their molecular weights could be accurately determined and the analytical 
data are in close accord with his theoretical calculations. On the basis 
of his exjxiriments Holmberg assigned either Formula I or II to the 
hydroxy acid from which the original sulfite liquor lactone is derived. He 
considers this an inner anhydride of diguaiacoltetramethylenecarbinol car- 
boxylic acid. How closely the lactone is related to other lignin derivatives 
in wjj^ste liquor has not been determined. 

R— CH — CH — CH 2OH ' R — CH — CH.CH2OH 

II II 

R _ CH — C H — CO-JI HO2C — CH — CH — R 

I II 

[R = 4, 3 — HO(MeO)CoH3 — ] 

•^Svensk Kent. Tidskift, 32 , 56 ( 1920 ) ; Ber., 54 , 2389 , 2406 ( 1921 ). 
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Hintikka applied Holmberg’s procedure to birch and aspen woods, 
but failed to obtain any product analogous to the lactone, which may serve 
to characterize the liquors of coniferous woods. 


Speculations on the Constitution of Lignin 

Despite the limitations of exi^erimental data on lignin, various in- 
vestigators have presented tentative constitutional formulas for lignin — 
usually applying these to the lignin of spruce wood. 

The Stimulus tliat such formulations have given to lignin research 
have been overshadowed to a certain degree by the fact that the formulas 
are based on insecure or fragmentary evidence. IVc must stress the fact 
that all constitutional formulas for lignin are prcnuiturc and it is for 
this reason that little sjiace can be devoted to them. 

Some of the more stimulating constitutional formulas that have been 
proix)sed are: 

1. The Cross and I’cvan formula,*'’ which assumes a “keto-R-hexene” 
ring joined to a hydrogenated jiyrone ring containing two methoxyl groups. 
This was applied to the “ligiioccllulo.se” of jute and obviously lacks sup- 
ixirting experimental data. 
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Cross and Hevan’s b’orniula for the “Ligiionc” in “Lignocellulose.” 


2. (ireen’s formula, which assumes the conversion of cellulose mole- 
cules into lignin molecules by loss of water.''® 'J'his formula is no longer 
in harmony with all the exiierimental data on cellulose. 

CilOH — CIJ . CIIOII ('H C — CHOH 

I >0 >0 > I >0 >0 

CHOH — CH-CH, CH = C — CH, 

(jreen’s Formula Green’s I'ormula 

for Cellulose. for Lignin. 

" Cellulosechemte, 2, 87 (1921). 

"For reviews on this .subject, cf Schwalbe, “Chemie der Cellulose"; Fuchs, Ber., 
54, 484 (1921), Ricfenstahl, Z. amjeza Chem , 37, 169 (1924). 

"“CcIlulo.se,” p 137, “Researches on Cellulose,” HI, 104. 

*Z. Farben Textilchemie, 3, 97 (1904). 
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3. Klason’s various lignin formulas, all of which assume that coniferin 
(via coniferyl alcohol and its derivatives or oxidation products) .plays a 
role in the synthesis of a- and p-lignin. 


ClI = C(OMc)— C- 




J. 


. — CHiCH^C --=cn 


Cll:C(OMe) . CHOI 


C — CH OH — CH . CH* — C ^ - CH - 




H 


Klason’s Formula for “Unacetylated” a-I.ignin.'‘“ 


4. Schrauth’s “partial formulation” {“ubgcrundctcs B\ld”) of lignin 
which cleverly correlates and harmonizes what ajipear to be conflicting 
observations on the chemistry of lignin/^ 

Schrauth assumes, a priori, that lignin jxisscsses a molecular com- 
plexity analogous to that of the proteins or tannins, and that lignin 
isolated by the methods previously described is no longer identical with 
the substances present in the cell wall. Isolated lignin fractions prob- 
ably represent smaller fragments resulting from the partial degradation 
of a larger molecule (or aggregate), the true structure of which cannot 
be explained in the light of our present knowledge, in his formulation, 
Schrauth balances the results of those experiments which point to an 
aromatic or hydroaromatic nucleus in lignin (as indicated by the work of 
Klason, llonig, Fictet, etc.) with those which jioinl to the aliphatic 
origin of lignin (as indicated by Will.statler, Jonas, von Marcusson, etc.). 

Schrauth jxiints to the fact that carbohydrates, esix^cially glucose under 
specific conditions (such as treatment with strong acids), yield 5-hydroxy- 
methyl furfural, with the elimination of water. As a i>recursor of this 
product, a hyixjthctical substance would be one having the structure: 


O 


O H /\ H 

\ \/ \/ 

H — C — C C — 


HO — 


i 


I 

H 



CH^OH 

OH 


in which the water has not yet been eliminated. Assuming that three 
such molecules can condense with elimination of water, Schrauth proposes 
the following reaction : 

^Ber., 56, 300 (1923). 

“Z. anoew Chem.. 36, 149 (1923). 
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The above compound then contains three furan rinj^^s and is also a 
hydroaromatic sul)stance (Cj,sH,h()h) which through the reducing action 
of the plant life process may be converted into a comix^und in which 
the central three OH groui>s are reduced, giving a compound of the 
formula CihHisOo (Formula HI). The compound contains the 
active - C'lU — C — grouping, which can also take the enolic form: 

II 

o 

— ClI = C — Oil. The latter has the capacity of forming esters and 

ethers, and may account for the presence of rncthoxyl derivatives in 
lignin. A lignin molecule of this tyiie would also be culpable of forming 
derivatives with simple sugars or polysaccharides that would resemble 
the tannins. Nitration should yield coini>ounds similar to tlie nitrophenols 
and oxidation should cause a inpture of the — Cllg — 0 = 0 groups, 

with formation of high molecular hydroaromatic carboxylic acids (humic 
acids) which would finally give bcnzolpolycarbo.xylic acids similar to those 
reported by Fischer and Schrader.^- A deep-seated hydrogenation should 
yield perhydrogenaled hyflrocarbons (similar to those reported by 
Willstatter and Kalb*') which, if degradation (Zersplittcrung) has not 

Loc. cit. 

Loc. cit. 
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taken place, would have molecular weights of 246 or 490, or some 
approximate multiple of these figures which is in harmony with Willstatter 
and Kalb’s results. Willstatter’s reduction might well be accompanied 
by a series of condensations since hydroaromatic ketones, and especially 
cyclohexanone and its homologs, are susceptible to autocondensation to 
hi- and tricyclic products (in jircsence of acids and alkalis and by 
means of heat and pressure). A simple jiicture of this tyjie of con- 
densation would he represented by formula 1\^ on p 94. 

A substance of this ty])e could, of course, readily be converted to alkyl 
(methyl) ethers through the enolic form of the >0 = 0 grouping. 
An hypothesis of this sort also appears to be in harmony with analytical 
data obtained on isolated lignin fractions. As an example, a lignin 
isolated from coniferous wood meal by Willstatter’s method by Fischer 
and vSehrader contained lv3 1 j^>er cent MeO. However, the authors 
showed that 22 ix*r cent of the MeO originally ]>resent in the wood was 
lost during the ac id treatment required in the isolation. Let us assume 
(with Schrauth) that this 22 ijcr cent was present in the lignin of the 
original vvofid and that the lignin isolated had the formula on p. 95 
{minus 22 per cent MeO) : 

"riien the following figures of b'ischcr and Schrader arc in striking 
agreement with the ones calculated on the basis of such an hypothesis. 


Calculated 
Found by F and S. 


Per Cent Per Cent Per Cent 
C H MeO 

64 98 5 75 13 3 

64 79 5 65 13 1 


However (in disagreement with Pringsheim), Schrauth believes that 
the explanation of lignni structure cannot be obtained as readily from 
isolated lignin, as from a study^ of the lignosiilfonic acids resulting in 
the sulfite cooking process and previously referred to. If .Schrauth’s 
hypothesis is correct, formation of such sulfonic acids would have to 
he explained satis facte jrily hy^ his formulas (III or IV), taking into 
consideration the reaction causc<l in the cooking process. Ca(HS 03)2 
probably does not act as a condensing agent to the same degree that a 
strong mineral acid (used in isolating lignin) would act. Assuming that 
in a simple molecule of the type of formula III two carbonyl groups react 
in the enolic form and arc methylated, the theoretical formula for the 
calcium lignosulfonatc would be C4oIT460]f<S2Ca. If, however, a condensa- 
tion has occurred as in the case of formula IV (followed or preceded 
by methylation) the simplest Ca lignosulfonate becomes C 4 oH 440 i 7 S 2 Ca. 
Calculated per cent C, II, O, S, Ca, and OMe for either of these two 

^•Wallach. , 40, 70 (1907). 

^Ges. Abhandl. Kennt. Kohlc, 5, 108 (1920). 
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possibilities agree reasonably well with the best figures for calcium ligno- 
sulfonate obtained by Klason and by Honig and Spitzer, although the latter 
assume as the most probable formulas : C4oH420ihS2Ca and C4oH440i8S2Ca 
for their lignin fractions. However, as tlie.se investigators make no claim 
for the homogeneity of their Ca salts, these salts may be varying mix- 
tures of the two po.ssibilitics outlined by Schrauth. 

Klason’s | 3 -lignin Cu.HisOy (acrylic acid lignin) is also accounted for 
by Schraulh’s formulations, provided we assume that in formula III the 
— C — Clio — groups are capable of oxidation in the course of plant 

0 

life proces.s — with the formation of COoH groups. However, Schrauth 
admits that Klason ’s p-lignin requires further study before its constitu- 
tion can even be guessed at intelligently. 

Schrauth’s ingenious speculations should prove decided stimuli to 
further investigation in the lignin field. 



Chapter 5 

Extraneous Components of Wood 

The term “extraneous com|)oncnts“ has been devised to include a num- 
ber of substances, present in some woods, absent from others, which 
are often grouped together under the general designation of “(Wtractircs '' 
These substances wliile present in the woody tissue {xylrui) can usually 
be extracted by means of suitable solvents They are therefore not 
considered an integral part of the cell walls of the wood. Needless to 
say, however, there are numerous borderline cases in which it is impos- 
sible to state definitely whether or not a substance is actually part and 
parcel of the cell wall 'bhe authors, then, arc cognizant of the limita- 
tions of their own rlefinition 

Not a few of these extraneous components have a decided commercial 
value. Some few of them arc responsible for tro[>ical industrial dis- 
eases Others have a marked scientific interest to the phytochemist and 
plant physiologist. ( )ftcn their true origin and biochemical significance 
is obscure 'I’lic authors have made the deliberate attempt to avoid an 
exhaustive discussion of the extraneous com|)onents of all woods. They 
have chosen what they consider striking examples of such components 
and have attempted to give references to comprehensive articles or mono- 
graphs relating to the subject matter in this chapter. 

The Tannins^ 

The tannins hold an important jilace among the comixincnts of wood. 
The term tannin applies to those compounds which have the following gen- 
eral characteristics : 

(a) an astringent taste. 

(b) the pro}>erty of yielding dark blue or greenish colorations with 
ferric .salts. 

(c) the property of forming precipitates with various proteins 
(gelatin and albumin) and with certain alkaloids. 

(d) the property of converting hide into leather 

Inirthermorc, all tannins contain certain aromatic nuclei. 

'A. G Perkin and Arthur K Everest, “The Natural Organic Coloring Matters”; 
Thorpe’s Dictionary of Applied Chemistry, V, p 383. 
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The tannins are very widely distributed, occurring in many different 
woods, but comparatively few of these tannins have been intensively 
studied, and their chemical constitution is still unknown. 

Nearly all tannins can be extracted from wood by means of hot water, 
and are therefore considered extraneous substances which do not form 
an integral part of the cell walls of wtiody tissue. When treated with 
lead acetate, the water extracts of the tannins yield precipitates from 
which the tannins may be regenerated by removing the lead with hydrogen 
sulfide. Jn the purification of the tannins fractional precipitation with 
lead acetate is often resorted to. ( )rganic solvents are also frequently 
and very effectively employed in extracting tannins from plant tissues. 

According to the classification of Perkin and Everest, the tannins 
found in wood (and hitherto investigated) would fall into (a) the 
depsidc group and (b) the catechol or phlobatcnnun group. The tannins 
of class (a) give bluish-black colors or precipitates with ferric alum.' 
On heating at 160-215^ they yield ])yrogallol Some of them contain the 
glucose nucleus in the tannin molecule 

A tannin of class (a) is found in Spanish chestnut wood (Castanea 
vesca Gartn) (C. satwa Mill.) and serves as a raw material for the 
production of chestnut extract This tannin is closely related, if not 
identical, with the important “gallotannin” (ordinary tannin) found in 
gall nuts, which result from the puncture by insects of leaves and twigs 
of various oaks. The tannin in gall nuts has been subjected to a series 
of careful inve.stigations, among which the works of hL. Fischer and 
Freudenberg must be cited. They showed that gallotannin is probably a 
t^nta-m-digalloylglucose.^ 

Another tannin, probably belonging to class (a), is querew, which is 
found in the ivood of oak. This is a pale browni.sh .substance, . 

21 b.O, which was inve.stigated by Bottingcr.’* It has been confused with, 
but i.s quite distinct from the tannin found in oak ba7'ks [quaritannic 
acid) which belongs to the above mentioned groups of iihlobatannins, 
class (b). 

These phlobatannins yield green colorations with ferric salts and give 
distinctive red precipitates when heated with acjiieous mineral acids. These 
red substances are known as anhydrides or “phlobai)hcnes.” An attempted 
differentiation between the phlobatannins and the clepsidcs which dei>ends 
on the fact that the former give rise to catechol or protocatechuic acid 
on decomposition is misleading. Some phl(»batannins exist which do not 
yield catechol. 

A tannin belonging to the phlobatannin group is present in the (“ax- 
breaking”) wood of '‘quebracho Colorado'' (Loxopterigium Lorentsii 

' Ber 45 915 and 2709 (1912) ; A6, 1116 and 3253 (1913) ; 47. 2485 (1914). 

• Ber!, 20, 761 (1887) , Amt.. 263. 110 (1890). 
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Griesb.). The tannin content of this wood may exceed 20 per cent/ 
but there is some evidence that quebracho tannin is not homogeneous.* 
On dry distillation it yields catechol. Among the products of alkaline 
fusion are phloroglucinol, protocatechuic acid and resorcinol. 

Closely related to the catechol tannins (and also to the natural dye- 
stuffs) is acacatechin, a substance found in the heartwood of Acacia 
Catechu Wind. It is isomeric but not identical with catccliin isolated 
from the gambicr hush. Acacatechin is a crystalline compound, CiJImOb . 
3 H 2 O, melting at 204-5'^ C., yielding jxmtaacetyl and l>enz()yl derivatives 
and giving phloroglucinol and protocatechuic acid on fusion with alkali.® 
According to Czafiek ' large quantities of tannins are not infrequently 
found in old wood (of the heartw'ood). Here the oxidation products of 
the tannins may jilay a role in the formation of the dark or highly 
colored substances so often present in heartwfiod. The jx^ssible relation- 
ship between the tannins and lignin has been touched iqxm in a previous 
chapter. 

Moureu has suggested that ]>henohc substances, csixicially the tannins 
may play the role of antioxidants. Apparently the life of the jilant is 
least intense, where they cx'cur in largest amount. This suggestion of 
Moureu, while an intere'^lmg working hyiK)thcsis, demands further experi- 
mental evidence before it can be accepted. 

Within recent years, the tannin contents of a number of American 
woods have been determined Uenscni and Jones ** found that the wood 
of Douglas hr {l\scudotsH(j<i taxi folia), western larch {Larix occidcntalis) 
and western yellow pine {Finns pondcrosa) contained appreciable amounts 
of tannin (6-10 ])er cent), while western hemlock wood {Tsuija hctcro- 
pliylUi) (whose liark is rich m tannin) yielded only 1 jier cent tannin. 
On storage, the tannin content of Douglas hr increased (from about 
6 IXM' cent tannin to 7.5 per cent tannin). Wood of dogwood (Conius 
Nuttallii) ; cottonwood [Popiilus irichocarpa) \ and alder {Almis oregona) 
all contained appreciable amounts of tannin (5-7 ]x.'r cent). While 
tannin extracts of the foregoing coniferous trees and of dogwood may 
be commercially valuable, the tannins of the cottonwood and alder appear 
to have little economic significance. An analysis of redwood (Sequoia 
sempcrinrensy by Scalione and Merrill showed that the sapwood con- 
tained 1.15 per cent tannin, while the heartwiKxl contained over 12 per 

‘Proctor, “Leather Manufacture” (1922), p .306, Moeller, CoUc(/ium (1920), 
106. 

* Nicrenstein, Collratum (1905), 65 
“Perkin and Kveresl, loc cil , p 471 
'^‘‘Biochem. Pflan/en,” TII, 510 
"Comtt rend, 174, 258 (1922). 

“/ Ind.Em Chem,9. 1096 (1917) 

•/. Ind. ling Chem , 11, 643 (1919) 
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cent of tannins. Since the investigations of Wilson and Kern have 
recently shown that the official method of the American Leather Chemists 
Association for tannin determination is inaccurate, it is probable that 
the above results are all far too high. 

The Natural Dyestuffs and Their Precursors * 

While the coloring principles and dyes in plants arc usually associated 
with the leaf and the flower, and are largely absent from fruits, roots, 
bark, and wood, there are cases in which the woody tissue is unusually 
rich in these substances. Classical examples are the brazilwoods and 
logwood, and other examples, such as the wood of “old fustic,” osage- 
orange, and young fustic, might be cited. Some of the dyestuffs thus 
obtained from wood are .still commercially valuable, although the im]xir- 
tance of others has receded with the growth of the synthetic dye 
industries. 

In many cases the dye itself is not preformed in the wood, and its 
precursor (i.e., the coloring principle) may be extracted from the finely 
divided wood by means of ether, alcohol, or water, or by a succession of 
solvents. The coloring principles are therefore not a jiart of the cell 
wall but must be grouix^d with the extraneous substances of wood. 

The most imixirtant commercial <lyestuff is obtained from logwood 
(Cami>eche wood, Ilccmatoxylon campcchkunim L.). a tree wliich is 
indigenous to South America and the West Indies and whicli belongs 
to the C(CS(ilpin(C group of the Laffmninos'cc d'he coloring princijile, 
lucnuitoxylin. may be extracted from the fineh divided wood Iiy means 
of ether, or may be isolated from cfnicentrated (aqueous) logwood liquor 
on slow evapoiation, followed by extraction with ether, and repeated 
crystallization from water. Prej/ared m this way it forms ]>rismatic 
crystals containing 3 molecules of water of hydration. Its molecular 
formula was shown by Erdmann” and later by Ilessc^- to be CioIIhOb. 
As a result of extensive investigations a number of different structural 
formulas rejiresenting lunmtoxyhn haAc been proposed.'' The constitu- 
tional formula accejited by W II Perkin and his co-workers after a series 
of extensive researches and by Pfeiffer” on theoretical grounds is given 
below. 

Ind E»<f Chew, 12, 46."^ and 1149 (1920) ; 13, 772 (1921), J Am Leather 
Chem. Assne , 15, 451 (1920). 

* It is interesting to nt)te that many of the important natural d\es obtained from 
wood were first examined a century ago by that pioneer in biochemical research — 
Chcvreul (cf “Lemons de (3iimie applupiee a la teinture,” 1829) Cf Pei km and 
Everest, “The Natural Organic Coloring Matters” ( 1918) 
prakt. Chem, 26. 193 (1842) , 75, 218 (1858). 

109, 332 (1859). 

“An excellent resume of this work is given in Perkin and Everest’s monograph, 
pp. 364-379, although there appear to be a number of error.s in their references. 

“CAcw. Ztschr., 3, 420 (1904). 
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cent of tannins. Since the investigations of Wilson and Kern have 
recently shown that the official method of the American Leather Chemists 
Association for tannin determination is inaccurate, it is probable that 
the above results are all far too high. 

The Natural Dyestuffs and Their Precursors * 

While the coloring princijdes and dyes in plants are usually associated 
with the leaf and the flower, and are largely absent from fruits, roots, 
bark, and wood, there are cases in which the woody tis.siie is unusually 
rich in these substances. Classical exam])les are the brazilwmids and 
logwood, and other examples, such as the wood of “old fustic,” osage- 
orange, and young fustic, might be cited. Some of the dyestuffs thus 
obtained from wood are still commercially valuable, although the impor- 
tance of others has receded with the growth of the synthetic dye 
industries. 

In many cavses the dye itself is ruit preformed m the wood, and its 
precursor (i.e., the coloring princijfle) may be extracted from the finely 
divided wood by means of ether, alcohol, or water, or by a succession of 
solvents. 1'he coloring principles are therefore not a part of the cell 
wall but must lie grouped with the extraneous substances of wood. 

The most imixirtant commercial dyestuff is obtained from logwood 
(Campeche wood, Ihcmatoxylon r(7Ui/’cr//m7///;;z ), a tree which is 

indigenous to .South America and the West Indies and which belongs 
to the Cccsall^imc group of the La(fnniinos'fP 'I'he coloring pnncijfle, 
hpcmatoxyliu, may be extracted from the finely divided wood by means 
of ether, or may be isolated from concentrated (aqueous) logwood liquor 
on slow evaporation, followed by extraction with ether, and repeated 
cry.stallization from water. Prepared in this way it forms prismatic 
crystals containing 3 molecules of water of hydration. Its molecular 
formula was shown by i’>dmann and later by Hesse to be 
As a result of extensive investigations a number of different structural 
formulas rei>resentmg iurnuitoxyli}} have been proposed.'* The constitu- 
tional formula accejited by W. H Perkin and his co-workers after a series 
of extensive researches and by Pfeiffer’-' on theoretical grounds is given 
below. 

“/■. M Enq Chem, 12 . 465 and 1149 (1920), 13 , 772 (1921), J Jni. Leather 
Chetn Assoc , 15 , 451 (1920). 

♦Iris interesting to note that many of the important natural (I>es obtained from 
wood were first examined a century ago by that pioneer in biochemical research— 
Chevreul (cf “Lemons de Chimie apphquer a la teinliire,’’ 1829 ) Cf. Perkin and 
Everest, “The Natural Organic Coloring Matters" (1918) 
prakt Chem, 26 , 193 (1842), 75 , 218 (1858) 

"Ann,, 109 . 332 (1859). 

”An excellent resume of this work is given in Perkin and b.vercst’s monograph, 
pp. 364-379, although there appear to he a number of errors in their references. 

Chem. Ztschr., 3, 420 (1904). 
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OH 



Oxidation of lia'niatox\ Iiii causes its conversion into the actual color- 
ing matter lucnniicni in accordance with the following eejuation : 


C ),j 


C icl li20a -j- HoO 


'riiis oxidation results when logwood is “aged” or when ammoniacal log- 
wood extract is exiwised to the air. lliematein apparently has the struc- 
tural formula given below ; 

OH 

HO J\ ^ 
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C(OH) 
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JJirinatem 


Logwood is widely used in producing “blacks” on wool, silk and (to a 
lesser extent) on cotton It is one of the few natural dyestuffs that has 
withstood the competition of the synthetic dyes. 
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Closely related to logwood are the so-called “soluble redwoods” 
grouped together under the collective term “Brazilwood.” All of them 
belong to the Caesalpineae and they have a rather wide distribution.* 

The coloring principle ])resent in these woods is termed brasilin 
(CjeHj40B) and crystallizes in colorless needles or prisms from water. 
It is chemically very closely related to the hacnmioxyhn of logwood. On 
oxidation it gives rise to the actual dyestuff hrasilcin which dissolves in 
alkalis with a deep red color that is destroyed by excessive oxidation. 

C,Jl,d\ + 0 . C,oH ,,05 + 1-U) 

Interesting work leading to a formulation of the constitution of brazilein 
has been carefully reviewed by Perkin and Everest. Ai)parently the 
coloring matter of logwood is a hydroxyhra^iJcin, and hraj::ilcin itself 
apiKiars to have the following structure : 


O 

no /\ /\ 

>n. 

I 

C — OH 

\ /\ /\ 

\/ \/ \ 

C CII2 

\ 
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OH O 

Brwjilcin 


The redwood dyestuffs still enjoy a limited utilization in printing 
calico and in wool dyeing — but the colors are not very fast and have been 
largely replaced by the synthetic dyes. 

Another dyewood related to brazilwood is llicmatoxylon afncanum 
found in (h-eat Naniaqualand in S. Africa Its characteristic coloring 
principle resembles bracUln rather closely but it has no technical importance. 

Besides the “soluble” redwoods (ic., the Brazilwoods, etc) there 
are a, number of different woods containing red dyestuffs of unknown 
composition, which are but slightly soluble in water. 'Jdiese arc known as 

* Pernambuco wood, which is probabl)'* richest in colonnj^ matter, is found in 
'Ccrsaltnuv Crista L in Jamaica and Brazil Tlie true “Mrazilwood,” C braciliensis 
L (which probably gave Brazil its name because f)f its ‘‘ficrv icd" (hraca) dyewood) 
IS found only in that country .Sappanwriod ( C' Sappan 1.' is found in certain 
parts of Asia, and a variety ot this (Limawood) is grown in the Philippines. 
Peachwood (C cchiniita T.am ) is indigenous to Central America and to parts of 
South America 
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the “insoluble redwoods” and yield dyestuffs that dissolve in alcohol and 
which are used to a very limited extent as direct substantives for wool. 

Four of these “redwoods" may be grouped together. Sanderswood 
(Santalwood) is a product of Ptcrocarpus santalinus L., a tree grow- 
ing in the h.ast Indies. It contains the coloring matters santalin 
(C24Hja08) and dcoxysantalin (0^4112407). Harwood {Baphia nitida 
Lodd) is found on the West African coast. It is possible that this 
wood contains some of the same com])onents that are ])resent in sanders- 
wood, although chemical data arc still incomi>lete. Narrawood {Ptero- 
carpus spp,), native to the Philippines, contains the dark red dyestuff, 
narrtn, which appears to he similar to but not identical with santalin. 
Camwood (or camhe wood) which may he a variety of Bapkia nitida 
contains the dyestuffs isosantaliii (Cj2l Ii(;Ofi(C)Me)2) and dcoxyisosanta- 
lin, which while very similar to santalin and dcoxysantalin respectively, 
show different color reactions and are characterized by different dyeing 
properties. 

A number of yellow dyestuffs obtained from several different species 
of wood belong to the davonol group : 
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Among these is “young fustic," the wood of the Rhus Cotinus L. 
indigenous to Southern luirope and the West Indies, which has little 
commercial value as a dyewood. Its yellow^ coloring matter consists of 
fisetin, to which Ilerzig^'’ assigned the structure of a trihydroxyilaifonol. 

Besides fisetin, young fustic also contains a glucosidc of fisetin, 
apparently combined with a tannic acid (fustin tannide).^® Fisetin is 
also present m yellow cedar wood {Rlwdosphacra rliodanthnna luigl ) 
and in quebracho Colorado.'^ 

^^Momitsh, 12, 178 (1892). 

"Schmid, Ber., 19, 1734 (1886). 

* Fisetin closely resembles quercetin, the coloring matter of the inner bark of 
Quercus discolor Ait, which is a nionohydroxyfisetin (ic. a tetrahydroxyflavonol). 
Quercetin is also present in Acacia Catechu 
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A ( uban dycwood, known as “old fustic," occurrini^ in Chlorof^lioni 
tinctoria (iaudich, contains two dyes, niorin and muclumi. Morin, 
Ck.Hh,(.) 7 .2Hj(), forms colorless needles from dilute alcohol and gives a 
yellow coloration with alkalis 'I'he constitution of ntarin was shown 
to he that of a t c trait ydroxyHavonol.^'’ 
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Maduriti, Cj.dIn.O,,, is a jKMilahydrowbenzojihenone, having the con- 
stitution 
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^Mtablu’h and Perkin, ] Chem Soc , 69. 792 (1896), Kostanecki, Lampe and 
Tambor, Her , 39, 625 (1906) , llcrzig and llofmaiiu, Her , 42, 155 (1909). 

” Konij^ and Kostanecki. Her, 27, 1996 (1894), Perkin and Robinson, Hroc. 
Chem Soc., pp 22 and 305 (1906) , Kostanecki and Tambor, Her, 39, 4022 (1906). 
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Old fustic is probably the most important of the natural yellow 
dyes used in coloring wool. On the other hand, its use in dyeing silk 
and cotton is quite limited. When the woolen fabric is mordanted with 
chromium (K2Cr207) or with copper or iron salts, old fustic yields 
colors that are exceeding fast to light. The dye is often used in con- 
junction with other dyestuffs m the formation of olive drabs and brown 
colors. 

An American dyewood, which apjxircntly contains both morin and 
maclurin, is i^roduced by the osage orange tree {Madura pomifcra, Schn.), 
a native of Texas, Arkansas and Oklahuma.^” The dye, which was used 
for many years by the native Indians, served as a substitute for “old 
fustic” during the War, and was employed in leather and textile dyeing, 
and is still used in the leather industry. 

Jackwood {Artatarpus lutcynfolia, Linn) grows in India and is used 
in dyeing the silken garments of the priests of Burma. It also contains 
the dyestuff morin, but not maclurin Another sulistance, known as cyano- 
madurin, is also jiresent in Jackwood. 'I'his comiiound, CirJL.On, crystal- 
lizes in colorless jirisnis and when dissolved in hot aqueous alkali gives 
ri.se to a rich indigo-lilue coloration Aijueous extracts of jackwood possess 
this same proiierty. 

An interesting substance which occurs in the heart wood of Avicennia 
and in the wood of v^arions members of the Bujuouiaica' family is lapa^rhol, 
a golden-yellow crystalline quinone, melting at ajiproximately 140^^ C. and 
shown by Hooker^''’ to have the following constitution 

O 

CII3 

— CH.> CII C < 

CH:, 

— OH 


This comjiound may be so abundant in the xylem, that the wood has the 
apixiarance of having been dusted with iKiwdered siilfur.^^ A dilute 
caustic soda solution inqiarts a characteristic j)mk color to woods contain- 
ing lapachol. Record claims that the presence of lapachol in a “wood of 

" Kressman, Ycarb<iok, U S Dept (if Agriculture, 1915,' p 201. 

Chem Soc . 61. 611 (1892), and 69. 1355 (1896) 

“Record, Trofical IVoods, Tropical .Senes No 1, p 7 (1925). 
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normal structure” may be taken as fairly conclusive evidence that it belongs 
to the Bignoniaceae — although the absence of the comix>und cannot be 
used as an indication that the wood does not belong to this group. 

From the preceding brief description of the dycwoods, it will be noted 
that the commercially valuable coloring principles ])resent in wood fall 
largely into two general classes : ( 1 ) those related to dihydropyran 
and (2) those related to flavonol. The insoluble redwoods contain dye- 
stuffs of unknown constitution. Dyewoods of other tyi:)es also exist but 
they possess little if any industrial value. 

Carbohydrates in Wood 

The non-sugar polysaccharides of wood have been previously discussed 
and their occurrence in wood substance proper and as extrai>arietal com- 
jxinents has been noted. 

The living cells of the wood (i.e. the wood ray and longitudinal 
parenchyma cells) act as storage elements for the so-called “reserve” poly- 
saccharides present in sapwood. The dead cells (prosctnhytna) apparently 
never store reserve foodstuffs, although they may act temjx^rarily as 
viaducts in the transportation of solutions of the sugars. 

Simple sugars and complex sugars are therefore probably present as 
extraneous substances in various parts of the woody tissue, although the 
individual identification of these sugars is not an easy matter, nor one 
which has engaged the attention of many chemists. If our generally ac- 
cepted theories regarding the synthe.sis of starch and cellulose can carry 
any weight, glucose must be present in wood. Its presence is also indi- 
rectly indicated by the seasonal di.sapt>ea ranee of starch in the wood which 
probably results from the enzymatic hydrolysis of starch to maltose and 
dextrose. Critical exiierimental data, however, are meager and Czapek 
has pointed out that a careful exjx?rimental study of the synthesis of 
reserve carbohydrates in wood has never been reported. 

Unfortunately, tests for the presence of glucose in wood have depended 
largely on reduction exj^'niiients which might .serve equally as well to 
indicate the presence of other reducing substances.^* In most cases, the 
wood itself has not lieen examined but the i>reseiice or absence of various 
free sugars was gauged by an examination of the sap, or from a chemical 
examination of young twigs. In the case of twigs, it is always ]>rob- 
lematical whether the sugars are present in the wood or in the bark. 

On the basis of such examinations, the sai>vvood of various American 
maples must contain sucrose. According to Wiley, “pure’’ maple saps 
contain no reducing .sugars but may contain up to 5 per cent sucrose. 

” “Biochemie der Pflanzen,” I, p. 477. 

” Linsbauer, Siizhcr. li^icn Akiul., 129, Pt I, 215 (1920), 

^Chem. Neivs, 51, 88 (1885). 
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The sap of white birch was shown by Lenz to contain fructose but no 
glucose. Apparently the fructose content varies between 0.3 and 2.0 per 
cent.*^ Wislicenus, however,^® states that birch sap contains both fructose 
and sucrose. I'he trisaccharide, raffino.se, was found by Herissey and 
Lefebre in young twigs of various sjjecies of Taxacea; and of certain 
other conifers. The presence of this same sugar had been shown in the 
manna of the Tasmanian Eucalyptus mannifera Mudie before the middle 
of the 19th Century.^® A manna coating the surface of twigs of Douglas 
fir {Pseudotsuga taa-ifolia) consists largely of the trisaccharide mcleai- 
tose and forms an excellent source of sujiply for this rare and interesting 
sugar. 

Among the extraneous substances whose presence in wood has been 
rejxirted sjxiradically are the glucosides. Normally compounds of this 
type are found in the cambial sap, in the bark, leaves, etc., but their 
positive identification in the xylem is fraught with exixirimental difficulties 
and uncertainties. Comferin (which has been previously discussed) prob- 
ably occurs in the young wood of a large number of conifers although its 
presence in older woody tissues has hcen rejKirted on insufficient exj^eri- 
mental evidence. The enzyme cmulsin hydrolyzes coniferin to glucose 
and coniferyl alcohol. Fustin, the glucoside in fustic wood {Rhus Cotinus 
L.) has already been alluded to in another section. On hydrolysis it yields 
rhamnose and fisetin (a trihydroxyfiavonol). It is quite probable that 
glucosides related to fustin occur in other woods. Shibata, Nagai and 
Kishida who have examined the leaves, flowers, bark and wood of more 
than 240 tropical plants, found that flavone derivatives were always pres- 
ent. In many instances such derivatives were probably in the form of 
glucosides.’' 

The Oleoresins, Resins, and Essential Oils 

Normally, the term “oleoresin” refers to a viscous mixture of a non- 
volatile solid substance and a liquid es.sential oil, secreted by the resin 
forming cells of the .sapwood when the tree is wounded by scarifying, 
boring, etc. The term “resin” is applied to the resinous material actually 
present as an extraneous substance m the wood projx^r. "J'here is no very 

^Ber. piuinn Ges , 19 , 332 (1909) 

“ Czapek, loc. cit 

* C'Uuloscchemie, 6, 50 (1925). 

Pharm. Chun (6), 26 , 56 (1907) 

” Thorpe’s Dictionary, Vol I, p 654 

*Hud.son and Sherwood, J Aiu ( hem Sot , 40, 1456 (1918) 

Czapek, ‘‘Biochem. cl Pilanzen," Vol 1, p 404 

Biol Chern., 28, 93 (1916), Armstrong, "The Simple Carbohydrates and 
Glucosides.” 

”A comprehensive work on resins is that of A. Tschirch, “Die llarze und 
Harzbehalter” (1906). An excellent resume of recent resin mve.stigations (through 
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logical reason for calling this substance a resin rather than an oleoresin, 
since it also consists of an admixture of non-volatile materials and essen- 
tial oils. It IS imixntant to note, however, that an oleoresin and a resin 
derived from the same tree are not necessarily identical in composition. 
The relative ease with which the resins may he extracted from wood makes 
it apparent that they do not form an integral part of the cell wall. This 
is also evidenced by microscopic examination. Both oleoresins and resins 
are usually soluble in ether and benzol and practically insoluble in water. 
They are frequently, though not always, soluble in alcohol. 

The oleoresins and resms derived from the jiines arc of marked interest 
since they form the raw materials of the naval stores and resinous wood 
distillation industries 'j'he princijial oleoresin used in the naval stores 
industry is that obtained from longleaf ])ine {Pnius palustris) or the Cuban 
or sla.sh j>ine (7*. Jicieropliylla) * This consists of the non-volatile sub- 
stance, rosin, and a volatile or e.sscntial oil, tiir]X‘nline. 

Rosin consists largely of rosin acids which have been subjected to 
extensive .study but which still jiresent a very difficult field for the investi- 
gator. These rosin acids probably belong to the two groups: (1) the 
abirtic acid group, members of which when treated with sulfur yield rctcnc, 
and {2) 'd group of which pmuiric acid is an important member and which, 
on dehydrogenation, gives rise to a hydrocarbon ChTTi (possibly, dinictliyl 
phenanthrene) 11ie great difficulty in studying and identifying the rosin 
acids is that the physical properties of the isolated material are frequently 
infiuenced by the methods u.scd in purification. 

The formula of abietic acid has been variously gi\en as >2 and 

C 2 oHaoOo, with exixirimental data favoring the lattcr.^’^ Knecht and 
Hibbert and later Steele have offered evidence that abietic anhydride 

1923) IS given in Ale.ver and Jacolison, “Lchrbucli d Organischcn Chemie,” Vol II, 
‘‘C>c1iscJr* Verhindnng(.n-Natursl<)tl'c,” part IV (1924), pp 125-180 Important 
liooks on essential oils inekule 

“Chemistry of Essential Oils,” Vols I and II (Van Nostrand, 1918-1919), by 
E. J. Parry. 

“Semi-Annual Reports,” Schimmcl & Co 

Scientific and Industrial Bulletins, Kourc-Bertraiid Fils, Grasse. 

“Volatile Oils” (Wiley, 1913-6), Gildemeister and Hoffmann, translated by 
Kremers. 

“Dio Athenschen tile,” F. W. Semmler. 

“Terpenc uiul Campher,” O. Wallacli. 

* Synonyms or colhujuialisins applied to these oleoresins are “gum,” “crude tur- 
pentine,” “dip” or “scrape,” the two latter depending on whether the oleoresin is 
dipped from vessels into wdneh the oleorefein flows, or Si raped from the scarified 
face of the sapwood 1'hc volatile jiortion of this oleoresin is often termed “oil oi 
turpentine,” “spirits of tunieiitine” or simple “turps” "I he non-volatile material is 
called colophony as well as rosin 

’‘Cf Ran and Sinioiisen, Indian Ju'rest Reunds. XI, I’t VI, 207 (1924). 

** Scliorger, U. S. Forest Serz^. Bull 119, 8. 

”7. Soc Dyers Colour, 35, 149 (1919). 

Am. Cliem. Soc., 44 , 1333 (1922). 
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is actually present in the rosin but this is denied by Schorger.’’" Hesides 
the abietic acid, small amounts of alkali-insoluhle materials are present and 
these are termed rescues. 

The volatile oil, turix^ntine, consists of hydrocarbons of the terpene 
series (CioHia). Of these a-pmcnc is the principal comjionent and besides 
this there are present smaller amounts of ^-pincnc and camplicnc. The 
presence of other hydrocarbons has been sugi^ested but not j>roved.'’” 

Apparently oil of turjientine from lonjjlcaf i)ine is normally dextro- 
rotatory. That from slash pine shows levorotation. In commercial 
samples these oils are present in admixture since the oleoresms are indis- 
criminately mixed when the collection is made* I he jiliysical ])ro])erties 
of freshly prejxired American turpentine may, therefore, vary consiclerahly 
as indicated by the followiiii^ data. 1 4()()7 — 1 472 J , n,/'* 24 

to -|- 29 6° (with the more common ranj^e fiom -2" to 20), r/n,, 
0.858 — 0 87(). In {general the initial hoilmi; ])oml of turpentine oil is 
between 156" and 160”, and 90 |K‘r cent or more of the oil usually distils 
below 175”. 

The resin present in the heatlwood (d old stunijis of lon^leaf pine 
(termed “lij^htwood” ) is (jiiite dilTi'rent in its nature from that of the 
oleoresin. The wood rosin is physically (|Uite distinct from the “fjum” 
rosin (of the oleoresin) and the essential oil in the resin shows marked 
chemical differences from that in the oleoresin It contains not only the 
hydrocarbons a and ft-p/ficjir and ((.in phene, but rdso l-lnnonenc, dipcntenc, 
and y-lerpincne, oxyj>;en derivatives of the t\pe ( n.llisl ), includinj^ dncol, 
i-fcndiyl iiUohol, and a-lerpine('l (a majoi component) and l-horneol, as 
well as campho) ( C'ud 1 ir2 ) ) and meiJwlduivieol ( (.’k,! I , j( > ) Of these 
components, all the oxyi^en dernalnes excluding cmeol have hoilmjL^ points 
above 200” C. and thus characteri/e the "wood oil" of loni^leaf pine, 
(known commercially as ‘Tine oil") 

While the differences between ‘Turn" and "wood" tiiriieiitme are 
usually quite marked, the turiKMitme obtained from sapwood (of freshly 
cut lonj^leaf iime) is strikm!.;l\ similar m composition to that isolated from 
the corresjxnidinj^ oleoresin This was indicated by Ilawley who showed 
that the boiling liomt, sjiecilic j^ravity, and index of refraction curves of 
two such turt>entines were very similar. (These curves were obtained by 
determining^ the i>hysical constants of fractions obtained on distillation) 

"/ Am Chem Soc , AS, 1339 (1923). 

** Gildemeister and Jloffinann, 2nd Edition Translated bv Knniers. Vol II, 

pp. 22-6 

”llerty, J Am C hem. S(^c , 30, 866 (1908) 

Allen's “Commercial Analysis" (4tli Edition), Vol IV, ]) 400 

“ Gildemeislcr and Hoffmann, “Volatile Oils," transkUion hy Kicmers (1916), 

p. 102. 

Forest Service Bulletin, 105, 54 (1913). 
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Comparatively few researches have been instituted on the nature of 
essential oils present in the resins of American woods. Schorger has given 
a resume of the literature in this field.*® 

The following wood oils were prepared by Adams ** by carefully dis- 
tilling wood under diminished pressure. Western yellow pine {Firms 
ponderosa Laws) yielded an oil, rfis 0.8626, W//® 1.4727, — 13.15°, 

97.7 per cent of which boiled below 181°. Its comixinents consisted of 
l-a-pincnc, ^-pinene, and limoncnc. Jeffrey pine {Pinus Jeffreyi) yielded 
an oil, di6 0.677, 1.380 which was ojitically inactive and which con- 

sisted almost entirely of n-heptane. The wood of singleleaf nut pine {P. 
monoph'^lla, Torr) gave an oil, dj., 0.9702 ; 1.4771, -f- 21.15°, 

consisting largely of d-a-pincnc and cadinene. It is interesting to note 
that these oils isolated from the wood itself corresiX)nd rather closely in 
composition with those obtained from the oleorcsins secreted by the living 
tree (Cf. Table X). 

The oil isolated from red cedarwood (Juniperus virginiami L.) by dis- 
tillation, is a product of the wavSte of the pencil manufacturing industries. 
The American oil shows the following physical properties: dm 0.940 — 

0.944; [a]n — 40 to — 46°. Components of the German oil were in- 
vestigated by Semmler and his co-workers. These included the sesqui- 
terpene, ccdrcnc (CmlL- 4 ), an alcohol, ccdrcnol and a saturated alcohol, 
psrudocedrol (Ci..,Hoof 1) . Ccdrol (an alcohol stcreoisomeric with pseudo- 
cedrol ) may also be present in shavings that have been in contact with air 
for a protracted length of time. 

Schorger’s investigations on the oil obtained by distilling the wood of 
Port Orford cedar {Chauun yparis lAmKsonkina) may be summarized as 
follows: dj 5 0.891; n^'' 1.476; 39.6°. The rectified oil contained 

a]^proximately 60 jier cent d-a-pinene, 6-7 per cent dipcnienc, 11 per cent 
d-bonieol, 11.5 jxr cent bornyl acetate, 6-7 per cent cadinene, and small 
amounts of acetic and capric acids. 

An interesting resin, extracted from the wood of southern cypress 
(Ta.x odium disHc/ium) by means of alcohol was examined by Odell.** 
When subjected to fractional vacuum distillation the resin yielded two 
substances: an oil, cypral, Ihr, 182-5°; 0.9469; Wyj®® 1.5040, which 

was probably an aldehyde, and greenish yellow viscous sesquiterpene, 
cypressene (Cir,H:; 4 ) b^^ 218 — 20° 0.9647 ; nip^ 1.524. 

Grimal *® isolated an oil by distilling African sandarac wood (Callitris 

“Contributions to the Chemistry of American Conifers, Trans. IVisc. Acad. Sci. 
Arts and Letters, 19, Part II. 

**J. Ind Eng. Chem, l, 957 (1915). 

“ Gildcmeister and Hoffmann, Vol. II, 165. 

“ Bcr, 40 , 3521 (1907) , 45 , 355, ct at. (1912) 

" /. Ind. Eng. Chrm., 6, 631 (1914). 

“7. Am C/iem. Sac, 33, 755 (1911). 

* Compt. rend., 139 , 927 (1904). 
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quadrivalvis Vent) which contains phenols, consisting in part 6i carvacrol 
and hydrothymoquinane. The property of resisting the inroads of the 
wood destroying white ants (termites) possessed by the wood of various 
species of Australian Callitris, is presumably also due to the phenolic con- 
tent of similar oils. 

Much more work has been done on the oleoresins of the various 
conifers than on the wood resins. 'J'he results of some of this work can 
probably best be summarized in taliulated form. Table X includes only a 
fraction of results olitained in this field and should not be taken as a com- 
plete summary. ( h\ir details regarding the turi)entine derived from vari- 
ous European and Asiatic pines, the reader is referred to Kremer’s trans- 
lation of Gildemeister and Ploflfmann’s monograph, Vol. II, pp. 69-87.) 
In general, the hydrocarbons jiresenl in the essential oils are tcrjienes. less 
frequently the seK(Uiter|)encs and in rare cases the aliphatic hydrocarbons. 
In many instances the non-volatile portions of the oleoresins closely 
resemble gum rosin obtained from longleaf and slash pine, although proof 
is not at hand that the jiriiicipal substances in all rosins are identical or 
even isomeric with abictic acid. 

Schorger has jxiinted out that there arc over 90 species of conifers in 
the United States. Only a comiiaralively small number of the oleoresins 
and resins obtained from these have been examined and yet these studies, 
limited as they are, have furnished some interesting and suggestive data. 
The same is true of Simonsen’s excellent work on the oleoresins of Indian 
pines. 

As an exanqile, Schorger’s work has actually aided in the identification 
of s])ecies.“” He has shown that while Ixitanisls have had difficulty in 
identifying forms of pine, apparently intermediate between P. pondcrosa 
and P, Jeffrey!, these “cross varieties” must be classified with P. pondcrosa. 
Jeffrey pine is characterized by the jirescnce of the aliphatic hydrocarbon 
n-Jieptane, m the oleoresin. On the other hand, neither western yellow 
pine nor any of the “cross varieties” (so-called) yield this product. 

Another instance in which the chemist has served the forester in 
his tree classification is that of P. pondcrosa and P. pondcrosa lur. scopu- 
lorum. Foresters and botanists have sought to combine these two varieties. 
It is evident, however (Table X), that the component oils of the two 
tyjies of oleoresins are quite dissimilar Hence it seems reasonable to 
retain P. pondcrosa var. scopiilormn as a distinct variety of jiine. Ex- 
amples of this t\'pe should become more numerous with future investiga- 
tions and the field offers a fascinating outlook for the phytochcmist. 

The occurrence of n-licptanc and of n-undccanc (normal components 
of American jietroleum) in certain pine oleoresins has led Simonsen to a 
brief sj^ieculation on the possible origin of i>etroleum oils. Since some 

"Proc. Soc. Am. Foresters, 11, 33 (1916), 



TABLE X 

Data on Oleoresins of Various American and Indian Pines 
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P. ponderosa 6O-709<- rf-a-pinene i/i 3 0 8639-0 8672 Largely abietic acid. Schorger, 

scopulorum. 5% O-pinene wd*' 1 4723-1 4729 15. 

Englem. 20-257f Iimonene [ajo +12.86 to 13,03 

(Western yellow 
pine) 
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remains of coni ferae are present in early strata, it might appear that in 
certain areas at least these could perhaps have been sources of petroleum. 
Simonsen suggests that it would be desirable to carefully examine oils 
from some of the more primitive conifers such as the Araucarice. 

Among the essential oils obtained from the wood of tropical broad 
leaved trees, sandalwood oil and oil of camphor deserve si^ecial if brief 
mention. Sandalwood {SantaJum album, Linn.) is indigenous to India. 
The chipjxid wood when subjected to steam distillation yields (in European 
practice) as much as 6 per cent of an oil, 90 per cent of which consists 
of a mixture of two isomeric alcohols, a- and f^-santalol.^^ Besides this 
mixture, the following comiX)ncnts are also present in Indian sandalwood 
oil: isoifalcric aldehyde, santene, santenone, n-norisoborneol, teresantalal 
nortricyclocksantalal, santalone, a ketone CuHioO (isomeric with san- 
tcdoncf), a-santalenc, teresantahc acid, and santalic acid. Although the oil 
was probably not isolated from sandalwood by the ancients, it was the 
odor of this oil which caused the wood to be so highly prized in ancient 
India and China where its utilization depended upon its durability and 
fragrance. In modern times the oil has j)laye(l a role in medicine, in the 
treatment of genito-urinary diseases and diseases of the respiratory organs. 
Its medicinal properties are correlated with its santalol content. 

Camphor oil is a product of the wood of the camphor laurel (Ciw- 
namomum Camphora, F. Nees) The character of the oil varies consider- 
ably and on fractionation the crude oil yields (1) a light camphor oil, 
dn, 0.86-.90, b. 175-200°; (2) a heavy oil, d ,5 (approximately) 0.95, 
b. 270-300° ; and (3) a blue camphor oil, dis 0 95-0.96, boiling above 300°. 
The lowest fraction finds an application in the manufacture of varnishes 
and as a cleanser for printing presses. The intermediate fraction also finds 
a use in the varnish industry and in i^rfuming cheap soaps. 

The following conii>ounds (besides the characteri.stic component 
camphor) may he present in camphor oil : acetic aldehyde, d-a-pinene, 
camphenc, d-fcnchcnc, ^-pinene, phellandrene , cineol, dipentene, d-limonene, 
borncol, icr pineal, tcrpmcn-J-ol, citroncUol, safrol (which is present in 
large amounts), -month ene-^-onc, carvacrol, cuminic alcohol, euffenol, 
bisabolcnc, (adincnc, caprylic acid, an acid (C 9 Hifl 02 ) and the “blue oil,” 
b. 280-300°. 

Oil of coi>aiba is obtained from an oleoresin elaborated by a num- 
ber oi species of Copaifera (family Leguminoscc) indigenous to certain 
parts of South America. The oleoresin (“balsam”) collects in cavities 
of the tree trunk and exists abundantly in schizogenous ducts in the sec- 

“Scmmlcr, Bcr . 40. 1120 (1907); 41. 1488 (1908); 42. 584 (1909); 43, 1893 
(1910). 

“Details of the production of the oil are given in Gildemeister and Hoffmann's 
monograph (translation), Vol. II, p. 447, etc. 
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ondaiy wood. Pressure exerted by the oleoresin is sometimes so great 
that it bursts the trunk of the tree. The oleoresin yields from 30 to 
80 per cent of volatile oil.®® The characteristics of copaiba oil vary 
greatly with the locality in which the tree is grown. An oil from Maracaibo 
“balsam” (dig 0.9036; fa]o — 9°) contained i- and ^-caryophyllene and 
Ucadincne but other sesquiterpenes may also have been present. The oil 
is a mild stimulant, laxative, and diuretic and is used in the treatment of 
genito-urinary diseases and bronchitis. 

Guaiac wood oil is obtained from the wood of Bulncsia Sarmienti, Lor. 
It contains a sesquitcri)€ne hydrate, guaiol, and is used in perfumery to 
produce a lea-rose odor and as an adulterant of the costly oil of rose. 

Fixed Oils and Fats 

Fixed oils arc seldom associated by the chemist with the woody por- 
tion of the tree. On the other hand, it has been shown by phytochemists 
that during the winter months, reserve carbohydrates (like starch) which 
are present in the xylem are quite frequently converted into fats or oils 
in the living tree. 'I'he starch grains seem to disintegrate into miniature 
granules and oily dro]:)lets ajipear in their stead. The change may be 
followed microchemical ly by the gradual disappearance of the starch- 
iodide reaction and the apix'arance of a positive reaction for fats with 
osmic acid.®* These fats or oils must, therefore, be considered typical 
reserve fogd stuffs of the stems of woody plants. 

A. Fischer®® has reported that in some trees (like Pinus sylvestris 
and various sjiecies of birch) starch deposits disappear during the winter 
months and are replaced by fats. In other trees (including the oaks, 
elms, etc.) this starch content is but slightly affected and very little fat 
formation is noted. 

Despite the knowledge that this conversion takes place, only scattered 
pieces of work have been published on the chemistry of the fatty oils 
that occur in wood. The oil in the heart and sapwood of oak (species 
not given?) was shown by Metzger®® to be a mixture of olein, palmitin 
and stearin. A semi-drying oil was extracted with ether from rasped 
basswood by Weichman.®" The physical and chemical constants were 
determined but the chemical comixinents of the oil were not completely 
identified. It is highly probable that many other woods contain appreciable 
amounts of fixed oils but this field remains unex[)lored since commercial 
quantities of such oils are usually found only in the fruits and seeds of 
the plant. 

“ Natl. Standard Dispensatory, 1916, p. 528. 

“Czapek, Vol. I, p. 750. 

^Jahrb. wiss. Bot., 22, 73 (1890). / 

"Dissertation, Munich, 1896. 

Soc. Chem. Ind. (1895), 665; Am. Chem. /., 17, 305 (1895). 
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Organic Acids 

Mention has already been made (Chapter 3) of the formation of 
formic and acetic acids, whenever finely divided wood is treated with 
aqueous H 2 SO 4 . The source of these acids is often a matter of con- 
jecture. They may find their origin in the “hgnin” of the wood, in the 
polysaccharides or in individual cases in the esters present in the oleo- 
resins. Schorger has shown that in some woods these acids may be 
present in the free state. For example, (/in jo, a Philippine wood (which 
corrodes metals) when extracted with cold water yielded 0.2 per cent 
of combined acetic and formic acids. In other cases free acids may have 
been formed by hydrolysis. Formic and acetic acids are frequently ob- 
tained when wood is steamed, llciiser'^® rejwrts that liquors re.sulting 
from .steaming of wood used in the jiroduction of brown mechanical pulp 
contained about 0.2 per cent acetic and 0.03 ])cr cent formic acids, based 
on the weight of the wood used. Occasionally these same acids may 
be isolated from the aqueous distillates obtained when wood oils or oleo- 
resins are distilled with steam Oil from the wood of Coupia toinentosa 
Aubl. and steam distillates of I\ sahiniana yield formic acid and the pres- 
ence of acetic acid in many essential oils has been clearly demonstrated. 

The occurrence in wood of higher homologs in the acetic acid series 

has seldom been clearly demonstrated although individual members of 
this series have been found among the products of wood distillation and 
individual es.scntial (»ils (isolated from coniferous woods) have yielded 
isovaleric, caproic and capric acids.®^ Lso valeric, ;?-caproic, and lauric 
acids all apjx^ar to be present in the malodorous wood of Gnupia fomen- 
tosa°^ 

A substance widely di.stributed in plants is oxalic acid. The presence 
of calcium oxalate in various woods has been re]>catcdly indicated and 

crystals of this salt have been found in the wood of various oaks, hickory, 

walnut, and persimmon. Many other woods also contain calcium oxalate. 
It has been suggested that the insolubility of calcium oxalate insures a 
means of removing excessive amounts of calcium from the cell sap and 
of preventing this calcium from functioning further in the metabolic 
proces.ses of the plant.®“ 

Jeffrey,'^'* however, has jioiiitcd out that the calcium oxalate crystals 

Ind. Eng. Chem., 9 , 561 (1917) 

•Papier-Ztg, 39, 1280 (1914) 

® Schorger, Trans. lVi.se Acad .Vn. Arts and Letters, 19 , Pt. II, 736; Gilde- 
meister and tloffmann (Kremers), “Volatile Oils," 1. p 498. 

“Diinstan and Henry, / Chem Sor . 73, 226 (1891) 

"Record, “Economic Woods of the U S,” p 21 

“Thatcher, “Chemistry of Plant Life,’’ p. 127, Czapek, “Biocliemie der Pflan- 
zen,” III, pp 66-79. 

•^Science, 55 , 556 (1922). 
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are not formed by ordinary crystallization in the fluid of the cell sap* 
but by the action of living protoplasm under influence of the nucleus 
which is central to the crystal itself. 

Czapek states that some of the inconclusive biochemical tests that 
have been used by biologists to indicate the presence of calcium oxalate 
crystals in plant tissues might apply equally as well to the calcium salts 
of other organic acids such as calcium malate or calcium citrate. Micro- 
scopic examination should be further substantiated by means of chemical 
analysis. 

The technic of micro-identification often makes the recognition of 
malatcs in plant tissues a rather difficult matter. Tunmann has sug- 
gested the use of a microsublimation method which depends on the forma- 
tion of maleic acid crystals. Lenz has reported the presence of calcium 
malate in the sap of the 1 European birch and Warren has shown that the 
“sugar sand” of maple sap (Acer sa^charum) is composed largely of this 
salt. It is, therefore, highly probable that at times calcium malate will 
be found as an extraneous component of woody tissue. Similarly it is 
possible that calcium succinate may be present in certain woods. Gold- 
schmidt rejxirted the presence of calcium succinate in the sap issuing 
from bark fissures of the white mulberry {Morns alba L.) and free suc- 
cinic acid has been found in the wood oil of Coupia tomentosa. Accord- 
ing to H. G. Smith/’® basic aluminum succinate is dejiosited in the wood 
of the Australian Orites cxcelsa R. Br. of the Proteacete. 

On the basis of the scattered evidence it is quite conceivable that the 
salts of otlier common organic acids may be occasionally extraneous corn- 
jKineiits of woody tissue. 

Organic Nitrogen Compounds 

The more recent analyses of wood indicate that the nitrogen content 
of wood is generally very low, usually well under 0.3 per cent.^® A large 
part of this nitrogen is presumably due to the protein present in the 
dried protoplasm in the wood. These proteins have apjiarently received 
little or no study.' ^ 

In individual woods taken from trees characterized by their high 
alkaloidal content, an appreciable |X)rtion of the nitrogen may be due to 
the presence of pyridine, quinoline, or i.soquinoline derivatives in the 
wood. Ordinarily such alkaloids are located in the leaves, bark, and in 

“ “Pflanzenmikrochemie,” Berlin, 1913, p. 146. 

^Ber. Pharm. Ges., 19, 332 (1909). 

"/. Am. Chem Soc., 33. 1205 (1911). 

^Sitzber. Wien. Akad., 85, II, 265 (1882). 

“Pror. Roy. Soc., New S. Wales. 37, 107 (1903). 

™ Schroeder, Tharandtcr Forstl Jahrbuch, 24, 70, ' etc. (1874); Schwalbe's 
“Chemie der Cellulose,” p 439 (1918). 

"Osborne, “Vegetable Proteins,” p. 7 (1919). 
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the root, rather than in the wood, but a number of investigators have 
shown definitely that the xylem may contain these nitrogenous bases. 
This is true of the wood of berberin-yielding plants and also of the 
wood of various species of Cinchona (from which quinine, cinchonidine, 
etc., are derived). In the case of the latter, the wood of the bole may 
contain as much as 0.25 per cent total alkaloids.'^ Even the older heart- 
wood may contain small but appreciable amounts of quinine. 

The wood of several species of Strychnos also contains strychnine 
alkaloids. Strychnine and brucine are present to the extent of 0.96 per 
cent in the wood of Strychnos colubrina L. The wood of Strychnos 
Nux-vomica L. contains well over 2 per cent brucine.’* Strychnine (but 
no brucine) was shown to be present in the wood of 5*. Ticute Lesch. 
On the other hand, the wood of Strychnos laurina. Wall, contained no 
alkaloid whatsoever.’® 

A number of other tropical woods also contain poisonous alkaloids. 
The East Indian satinwood {Chloroxylon Swietenia) contains a crystalline 
substance, chloroxylonine, C 22 ll 23 N 07 ,’‘‘ ni. 182-3®, which appears to be 
responsible for the dermatitis caused by the action of the sawdust of 
this wood.” The Central American cocobolo wood {Dalbcrgia spp.) used 
in the manufacture of knife handles in the U. S. also exhibits toxic 
properties that may be due to the presence of an alkaloid, the nature of 
which remains undetermined. Another alkaloid, also unidentified, is a 
component of the wood of an inferior type of Knysna boxwood or Kamassi 
wood grown in Southeast Africa. This substance is a heart depressant 
and resembles the curare-arrow ixiison in its action. 

Occupational diseases due to the poisoning caused by these and other 
woods depend on the sensitiveness of certain individuals to the toxic 
substances in the wood. The suggestion has been made that only laborers 
immune to such poisons be selected for work in the industries utilizing 
cocobolo, satinwood, etc. 

Derivatives of indol are also occasionally found in wood. As an 
example, both indole and skatole (its methyl derivative) are present in 
the wood ray parenchyma of Celtis rcticulosa Miq.’® The presence of the 
ill-smelling skatole’® has also been reported in the wood of Nectandra 
globqsa Mez. 


” Czapek, Vol. Ill, p. 228. 

"Howard, “Quinology of East India Plantations,” p 12 (1869). 

"Greenish, cited by Czaiick, Vol. Ill, p 298. 

"Boorsma, Med. s’ Lands, Plantentmn (1900). 

" Auld, /. Chem. Soc., 95, 964 (1909). 

” Garatt, /. Forestry, 20, 484 (1922). 

"Herter, /. Biol. Chem., 5, 489 (1909) ; Dunstan, Proc. Roy. Soc. (London), 46 , 
"Wck, Pharm. Weekhl., 48 , 310 (1911). 
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Inorganic Components 

A residue of ash invariably remains after the complete combustion 
of any wood. In North American species that have been studied ana- 
lytically, the ash content of wood usually varies between 0.2 and 0.9 per 
cent. Balsa wood (OchrotJta Lagopus Sw.) of Central America, proves 
an exception with an ash content of approximately 2 per cent.*^ In a 
few instances European investigators have published the results of ash 
analysis that arc considerably higher than this. Thus Nygard reports 
4.8 per cent ash in quassia wood ; Becchi reports 5.04 per cent ash in 
the dry sapwood of Olea europcca L., and Weber reports over 2 per 
cent ash in the sapwood of larch {Larix dccidtia Mill.). 

The general assumption might be made that the mineral content of 
heartwood is lower than that of sapwood. As early as 1834, Sprengel 
formulated this hypothesis and it has been borne out in certain cases 
since then. Other factors, however — such as the deposition of calcium 
salts in the heartwood — must be considered, and any sweeping generaliza- 
tions regarding the ash content of heart and sapwood are of doubtful 
value.®® 

Frequently the ash content of wood in the branches and in the crown 
is higher than that of the trunk. (Juite often, too, the average ash con- 
tent of the total wood of an old tree is lower than that of a younger 
tree of tlie same species. For example, Weber ®® found in the stem of 
beechwood {Ihupus syhatica E.) an ash content of 0 56 per cent at the 
age of 10 years, 0.46 ix;r cent at 20 years, 0.45 jxir cent at 40 years 
and 0 36 jier cent at 50 years. Very similar results were obtained when 
oak woods of various ages were examined. 

While the ash content of wood has been shown to increase or decrease 
seasonally in various s])ecies, a number of analyses show that these sea- 
sonal fluctuations are often too slight to warrant any general conclusions. 

The princqxd metallic components in wood ashes are calcium, jxitas- 
sium, and magnesium. The common acid radicles are — CO^, — PO* 
and — SiOa. Besides the.se, small amounts of sodium, manganese, alumi- 
num, iron, sulfates and chlorides are almost invariably present in wood 
ashes. 

Perhaps the most characteristic, although seldom the most abundant, 

“An excellent, detailed discussion on the mineral substances in various woods is 
given by Czapek, “Biochemie der Pflanzen,” Vol. II, pp. 400-414 (1920). Cf. also 
Wolff’s “Aschenanalyscn.” 

“Ritter and Fleck, / Ind Eng Chem., 14, 1050 (1922). 

Earm Notisbl , No. 9, 125 (1909). 

“Cf Wolff’s “Aschenanalyscn,” 2, 103 

““Allg Forst u. Jagdztg.” (1873), p. 367. 

“Cf. al.so Ritter and Fleck, Ind. Eng. Chem., 15, 1055 (1923). 

"Quoted by Czapek, Vol. II, p. 402. 
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component of wood ashes is K-jCO^. The presence of this compound 
explains the value of wood ashes as fertilizer and as a raw material 
in the time-honored custom of making soft soap. The ix)tassium con- 
tent of wood ashes varies considerahly. In rare instances the i:)er cent 
K.jC) drops to 5 i)er cent or even less. Quite frequently it ranges be- 
tween 10 and 20 ix.‘r cent and at times it reaches 40 per cent or more 
of the total ash content. As examples . the ash of a wood sample of 
Abies pcctinata DC\ contained 44.6 j>er cent K.CJ and a sample of wood 
ashes from Juglans nigra L., contained 39 per cent KoO. 

In contrast to the jiotash content of wood ashes, the soda content is 
generally quite low and frequently ranges between 0.5 and 2.0 ])er cent. 
Here too, however, the oiit.side extremes in soda content are very far 
from normal, 'riuis Whtts.^tein in an early analysis of Pinus montana 
Mill, reports 24.46 jjer cent Na^t ) in the ash, while .Siewert reiiorts only 
0 04 per cent Naj( ) in tlie wood of Teclomi grandis L.”" 

In general, the lime content of wood ashes exceeds that of any other 
comiionent VV'olff (jiiotes a number of analyses on the ash of various 
hardwoods (including b.isswnod, poplar, ash) in w'hich the C'a() content 
langes between fiO and 7H per cent of the total ash content. The per- 
centage of lime rarely drops below 20 ikt cent of the total ash, although 
in e\cei>tional cases (eg., a sample of Abies prdinafa DC' ) it has fallen 
to 10 ])er cent of the total mineral matter of the wood In general, 
the lime content is considerablv higher m the heartwood than m the sai> 
wood, although here, too, e\ce])tions (Kcur Mohsch and others'"' have 
shown that in the heartwood of a number of hardw'oods crystalline 
C aC'( );- may be deposited in the true vessels, wood tracheids, wood fibers 
and in the jiarenchyma cells. 

'file magnesia content of wood ashes frequently lies ludween 5 and 
10 ])er cent, although in e\eei>tionai cases (a^ in certain species of oak, 
and larch) it may exci'cd 20 jier cent \'ery low values (i e , under 1 per 
cent ) are f|uite rare As usual, it is diHiciilt to generah/e regarding the 
correlation between MgO content and the age of the wood in the case 
of a s])ecies of beech {]'agiis syh^atica L ) the MgO content increases 
gradually with the age of the tree. At the age of 10 years the MgO 
content in the ash was 12.4 jier cent At 220 years it had increased to 
h>5 iKT cent. ( )n the other hand, cases may be cited in which MgO 
content falls as the age of the wood increases. This w'as shown in a 
species of oak {(Jiinuus pcdiiuculaia I'dirb ) the ash of which -at 15 
years — contained 13 4 per cent MgO. At the age of 345 years, the 
Mg( ) content of the oak ash had dropped to 2.35 jxt tent. 

d'he iron content (b'e.-O.) of wood ashes is fre(}uently under 1 p)er 

"C'zapck, Vol JI. p 4(J5 

"Silcbcr iricH. .Ik, 80, Ft. 1, 82 (1879), ct al. 
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cent. However, it often reaches 2-3 per cent and may, in individual cases, 
exceed these figures. In a rare case, that of a spruce wood sample, 10 
per cent of the total ash content consisted of ferric oxide. 

Usually the ]\ 1 n,,C )4 and Al.jOj contents of wood are quite low, often 
under 1 per cent, seldom ranging alxive 10 ^xir cent of the total ash. A 
striking exception to this general rule is shown in the case of an Aus- 
tralian wood (cited in a pievious section) which contains aluminum suc- 
cinate and the ash of wdiich contains well over 75 ix;r cent Al^Og. Other 
woods also form exceptions to the rule of low MnA^a content. Thus a 
sample of wood of ^Ibics pectimita DC. (analyzed by Schroeder), yielded 
an ash containing 40 per cent of Mn^Oj. 

In a few cases other metallic substances have been found in wood. 
Forchhammer reiKirted the presence of nickel and cobalt in samjiles 
of oakwood. and bVankforter has made the surprising discovery of 
partic-les of metallic copiier in the wood of an individual oak tree in Minne- 
sota which was possibly killed by absorption of cop^icr salts from the soil. 

Phosphates are invariably present in wood ashes. The PjOs con- 
tent of the ash is subject to very wide variations, ranging from less than 
2 per cent to about 30 jxt cent I'homs cites the interesting example 
of teak wood in which calcium phosphate concretions occurred in the xylem 
and the ash (jf which contained over 2[) jier cent P^Os. 

Chlorides are often comjionents of wood ashes in traces only. The 
amounts seldom rise above 3 per cent of the total a.sh. In individual 
cases, however, higher amounts are found as m the case of a sample of 
horse-chestnut wood, the ash ol which contained over 6 jxir cent Cd. 

Woody tis.sue is usually low in sulfates (calculated as SO.,) and this 
content seldom rises above 5 ^xir cent of the total ash. Here, as in all 
other cases, however, individual excejitions occur. Thus the ash of a 
sample of white i>inc {Plnns Strobus) contained over 10 ix:r cent of SO3. 

Silicates are invariably present in wood ashes. Often the amounts 
range between 1 and 3 per cent of the total a.sh but frequently, too, rise 
far above these hgurcs The ash of Norway spruce wood is always 
high in silicates. Czajiek cites the ca.se of a sample of Picca excelsa Link., 
the ash of which contained over 36 ix*r cent SiOj. 

While most of the mineral components of wood may be considered 
extraneous substances, recent investigations indicate that the silica or 
silicates may be in part integral com])onents of the cell wall. Brown 
rei>orts that the fibers and tracheids of all woods examined by him actually 
contained a silicious skeleton, largely insoluble in such mineral acids as 

® Cilcd by Czapek, “Biuchcmie dcr Pflanzeii,” II, p. 410. (Reference incorrectly 
given ) 

Chem. News, 79, 44 (1899). 

Landw. P er suc/istat, 23, 413 (1879) 

Bull. Torre y Botanical Club, 47, 407 (1920). 
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HCl and HNO^ but disappearing on treatment with hydrofluoric acid. 
The skeleton seems to consist of miniature rods and in the case of 
Tecoma wood the number of these rods was estimated as 100-200 per 
fiber. 

The presence of these “silicious rods” may have an important bear- 
ing on the mechanical properties of wood and may explain the fact that 
when water-saturated wood dries, it shrinks very slightly in length. An 
interesting feature is that the silicon content of the woods which are 
reinforced by Brown’s “silicious rods” is only a fraction of 1 per cent 
of the weight of the organic matter in the xylem. 



PART III 


PROXIMATE AND SUMMATIVE ANAL- 
YSES OF WOOD 

Chapter i 
Introduction 

Ultimate Analyses of Wood 

During the earlier part of the 19th Century, concomitant with the 
classical researches of Payen, the analysis of wood often consisted in 
the determination of its elementary comixisition, with the practical end 
in view of gauging its fuel value. Ultimate analytical data of this type 
threw little or no light on the chemistry of the woody tissue, in fact 
they served to obscure in part the results of Payen’s brilliant work. 

Analysis by six or seven early investigators (that have been compiled 
in Table XI) yielded surprisingly concordant results in which the ex- 
treme values for carbon and hydrogen varied very little from the approxi- 
mate mean values of 50 per cent carbon and 60 per cent hydrogen. 
Largely as a result of the work of Thenard and Gay-Lussac, the thought 
persisted that carefully purified ivood, no matter from what source, 
consisted of one individual chemical substance. 

TABLE XI 

Elementary Composition of Wood 


Per Cent Per Cent Per Cent Per Cent 


Investigators 

Thenard 

Reference 

Quoted in Compt rend . 

C H 

(Approx.) (Approx.) 

N 

Ash 

Gay-Lussac 

8. 51 (1839). 

53.0 

5.2 

(Expressed 
as 47% H,0) 



Petersen and 
Schddler 

Atm. Ghent. Pharm., 17, 
139 (1836) 

48 2- 
50.2 

5.35-6.9 

— 

— 

Payen 

Compt rend , 8, 170 
(1839) 

49 3- 
529 

6.0 -6.2 

— 

— 

Chevaiidrier 

Ann. Chim. phys. [3], 
10, 143 (1844). 

49.9- 

51.8 

6.07-6.32 

1.0-1.3 

.78-3.67 

Gottlieb 

y. prakt Chem. [2], 

28, 385 (1883). 

48.9- 

50.4 

123 

5.9 -6.3 

.04-.10 

.28- .57 
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Proximate Analysis 

The gradual development of analytical procedures used in the study 
of wood requires little comment at this point. It has been outlined in 
sufficient detail in a previous chapter (Chapter 3, Part II of this mono- 
graph). Payen * bla/ed the trail by demonstrating that cellulose was a 
regular component of all woody tissues and that other substances 
(grouixid together under the collective name of “lignin") were also 
present. Most modern analytical procedures take into account these two 
components (jf the cell wall as well as a number of other extraneous sub- 
stances which fall into the general class of extractives. Consequently, 
the ultimate analysis of wood has been entirely displaced by proximate 
analytical procedures which give a somewhat clearer insight into the 
nature of the comjxinents and the groups or linkages present in wood. 

It should not be imagined, however, that such analytical schemes 
are entirely satisfactory. At best they yield results that are meagre 
enough and leave much to be desired. From what has been said in 
preceding chapters regarding the lack of definition of the terms cellulose 
and lignin and the difficulty in judging winch substances are extraneous 
and which are an integral i>art of the cell wall, it is obvious that any 
l>rocedure for the analysis of wood must be a purely arbitrary one. For 
exanqile, if we standardize one method for the isolation and determina- 
tion of cellulose, we may expect reproducible or comparable results by 
the use of this method ; but these results may be quite different from 
tlK)se obtained by means of another, ecjually well standardized procedure. 
Much deixinds on the definition of the term “cellulose" that has been 
acce])ted by the individual analy.st. At present we have few criteria 
for judging which method gives the best index of the true cellulose con- 
tent of any wood “Cellulose" remains an elusive term. We can simply 
judge which method is the most coineiiient one, or the one most easily 
adapted to our puriiosc. The same is true, perhaps to a lesser degree, 
of some of the methods devised for determining other components of 
wood. 

In the United .States two types of proximate analyses of wood have 
been develot>ed : ( 1 ) the analytical methods of Schorger and his successors 
at the Forest Products Laboratory - and (2) the summativc methods of 
analysis jirotio.sed by Dore at the University of California.® 

Schorger realized that while the solubility of wood in different re- 
agents or solvents did not actually furnish a means of determining in- 
dividual comjHinents, it neverthele.ss indicated the types of extraneous 

^Compt rend., 7, 1052, etc, 

U. Ind. Jinu Chew . 9, 556, 561, 624, and 748 (1917) , 14, 933 and 1050 (1922), 
etc 

Ind. Uni;. Chem, H, 556 (1919) ; 12. 472. 4/6. and 984 (1920). 
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substances present and gave some useful data on the chemical properties 
of the individual wood. His scheme included the percentage solubility 
of the wood in cold water, in hot water, in ether, and in 1 ])cr cent 
NaOH solution. The water soluble material consisted largely of tannins 
and carbohydrates. Ether extracted mainly fatty substances and resins. 
The alkali soluble material was not very clearly defined. It consisted 
of a part of the so-called “lignin,” pentosans, and other carbohydrates 
and any acid substances generally that were in the wood. Schorgcr’s 
other determinations included cellulose, a.sh, innitosans and methylpento- 
sans, as well as the percentage of “methoxyl” and the acetic acid gen- 
erated by treatment of the wood with dilute sulfuric acid. Originally 
Schorger’s method did not include a “lignin” determination, but this 
determination has since been added by the Forest Products l^aboratory. 

Results obtained by Schorgcr’s method “ovorlaj)" and in no case does 
the sum of all individual determinations even approximate 100 i)er cent. 
Details of Schorger’s methods of analysis arc reserved for subsequent 
chapters. 

Dorc’s .scheme for the analy.sis of wood differs from that of Scliorger 
in that it aims at a sunmuitivc analysis lu other words, the sum total 
of all of Dorc’s determinations a]q)roaches 1(X) jier cent and he delib- 
erately seeks to avoid overla]>ping of results. Originally Dore effected 
a separation of wood substance into the following fractions, which rei>- 
resent the results of successive ojxu'ations (1) loss on drying, (2) frac- 
tion soluble in benzene, (3) fraction (from 2) soluble in alcohol, (4) 
fraction (from 3) soluble in water, and (5) fraction (from 4) soluble 
in 1 per cent Na(_)H. Tn this completely extracted material, cellulose 
and lignin were then determined. 

.Subsequent investigations, however, showed T^ne certain weaknesses 
in his original scheme. A])parently the digestion with 1 ])er cent alkali 
served to dimini.sh the yields of cellulose and lignin This was not due 
to a greater degree of “purificatiem” of these fractions, but to an actual 
destruction of the material. Resides this, the water soluble and alkali 
soluble fractions ])os.sessed a very vague significance and the numerical 
expression of these fractions contributed little of real value as an ana- 
lytical expression of what components were present in wood. Other 
flaws in Dore’s original scheme led him to adopt the following methods 
which gave satisfactory results in the case of coniferous woods; (1) loss 
on drying at 100° C. followed by (2) a benzol extraction followed by 
(3) a 95 per cent alcoholic extraction of the residue. Cellulose, lignin, 
and soluble ixnto.sans were then determined on the extracted wood and 
mannans and galactans were determined on samples of the original wood. 
Details of these determinations will be given at ' appropriate places in 
future chapters. Using this analytical scheme on redwood (Sequoia 
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sempervirens) , yellow pine {Pinus ponderosa) and svgsi,r pine (P. lam- 
bertiana), Dore obtained results which accounted for 101.5 to 102.5 per 
cent of the wood. This summation is entirely satisfactory when we con- 
sider the limitations of the methods employed. 

Dore later explored his various fractions by studying the distribu- 
tion of such groups as the furfural-yielding groups, acetic acid-yield- 
ing groups, and methoxyl groups over the lignin and cellulose of red- 
wood. His results showed that about half of the furfural emanated 
from the cellulose fraction and very little (less than 5 i^er cent) from 
the lignin fraction. The acetic acid-yielding material was associated 
almost entirely with the cellulose fraction, while the methoxyl content 
was due almost totally to the lignin. This is in harmony with other 
experimental data that have been di.scussed in previous chapters and again 
indicates the lack of homogeneity in the so-called cellulose fraction. 

Dore’s summativc scheme of analysis as outlined required modifica- 
tion before it could be applied satisfactorily to hardwoods. In a study 
of Quercus agrifolia, Dore found, after extracting the dried wood suc- 
cessively with benzol and alcohol, that a cold water extraction, folk»wed 
by an extraction with 5 i)er cent sodium hydroxide solution, was required 
before the cellulose, lignin, and “residual mannans and galactans’' could 
be satisfactorily determined. IVntosans (which had not been removed 
by the alkali extraction) remained largely in the cellulose fraction. When 
the small amounts of pentosans “not otherwise accounted for" had been 
determined in the filtrates from the cellulose fraction and added to the 
sum total of cellulose, lignin, mannans, galactans and extractives, Dore’s 
results on oak wood totalled 1(X),5 per cent. In this case the alkali 
digestion had entirely removed the acetic acid-yielding groups and had 
eliminated a good share of the pentosans. The methoxyl groups, as 
usual, remained largely with the lignin 

A European proximate method of analysis, quite similar to that of 
Schorger, has been used by .Schwalbe and I’ecker * They determined 
succes.sively ether and alcohol soluble extractives on individual samples 
of wood. The sum of these two determinations usually checked rather 
closely with the “alcohol-benzol soluble” material determined on a separate 
sample of the same species. They also determined cellulose, lignin, ash, 
nitrog^en (calculated as protein), ])entosans, “methylpentosans” and 
“pectins.” The value of the two latter determinations is highly ques- 
tionable, as we have shown previously.® Schwalbe and Becker adopted 
Schorger’s acid hydrolysis method and also determined the per cent of 
CHa in wood (methyl number). They gave values for cellulose cor- 

* Z. angew. Chem., 32, 229-31 (1919). 

" Cf. Part II, Chapter 2. 
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rected for pentosans in cellulose. In general their data are fairly com- 
parable with those obtained by the U. S. Forest Products Laboratory. 

A different type of summative analysis from that used by Dore was 
devised by Konig and Becker.® Their ^‘summation” of the components 
of wood included lignin, ash, resins, proteins, hemicelluloses (i.e. hexosans 
and the more readily hydrolyzable pentosans), “insoluble pentosans” (re- 
maining after hydrolysis with dilute acid under pressure) and “ortho 
cellulose” (obtained not by direct determination but by subtracting the 
sum of the other components from 100). The extremely arbitrary methods 
used in determining hemicelluloses makes the figures for cellulose very 
uncertain, especially as a different “hemicellulose procedure” is recom- 
mended for every species of wood studied. 

For the present it is unnecessary to discuss further the general types 
of proximate wood analysis. We cannot leave the subject, however, 
without emphasizing what appears axiomatic to us in interpreting ana- 
lytical data. The results obtained with any one scheme of proximate 
analysis should not be considered compfirable with those given by another 
scheme of proximate analysis. Schoiger’s data would not be comparable 
with those obtained by Dore. In individual cases results obtained by 
various methods of analysis may be in fairly close agreement with each 
other but this may be entirely fortuitous and cannot be generally expected. 

There is another ])oint which we feel should be stressed. Proximate 
analytical data taken per sc throw no light on the chemical constitution 
of the various substances as they occur in the wood. The reagents used 
in the analytical study of a heterogeneous material like wood, undoubtedly 
cause chemical changes in some of the components of the wood and 
they never yield cellulose or lignin fractions that can be considered 
“pure” chemical entities which occur in the original wood. It is, there- 
fore, dangerous to allow an analytical procedure to become a fetish 
and to attempt to make analytical data the basis for speculations on the 
constitution of wood constituents. This seems an elementary precaution 
and quite an obvious one to the writers and yet just such di.stortions of 
analytical data have been made in the past. 

•Z. anqew. Chem., 32, 155 (1919); for details cf. Papierfabrikant, 17, 982-7, 
1014-19, 1171-1174 (1919). 



Chapter 2 

The Sampling of Wood; Miscellaneous Determina- 
tions 

Sampling 

Three points must be considered in oblaininj^ representative wood 
samples for analysis: (1) the iH)rtion of the tree from which the wood 
is taken, (2) the uniformity of the sami»le, and (3) the optimum size 
of the wood particles in the sample chosen for analysis. 

The importance of the first factor must be obvious in the li^dit of 
previous discussions of the variations in the extraneous comiionents of 
wood. Differences in the cellulose and hj^jiiin content of heartwood and 
of sapwood in the same sj^icies when a standardized procedure has been 
used ^ serve to emphasize this same jxiint Johnscn has also j^iven ana- 
lytical data which show differences in the cellulose contents of the same 
species when wood vsaniples are taken from the bole of the tree at 
different heights from the ground- Similarly the work of Klason on 
lignin makes it a])f)arent that wide variations in the lignin content of wood 
in the same tree may occur even when a definite analytical procedure is 
followed. The gnarled wood (known as “Kotholz” or “Kjurig ved” in 
Sweden) .showed a lignin content of approximately 37 per cent, while 
the wood of the same branch, taken at a different ixiint shfiwed a nor- 
mal lignin content of about 28 per cent.® 

Schorger, in his first paper on the analysis of wood, outlined his 
methods for obtaining wood samjdes. .Strength tests at the Inirest 
Products Laboratory showed that some twenty feet from the ground, the 
wood of the tree was most uniform and a cross-sectional disc, about 
two inches in thickness was taken at this i>oint. From this disc, the 
analyst split out two, diagonally opposite sectors, the size of which varied 
with the size of the tree trunk. Schorger used his wood samples in two 
forms — sawdust and shavings (not exceeding 0 005 inch in thickness). 
Shavings obtained with a plane were passed through a shredding grinder, 
and the material was then screened. Idie material which passed a 40 
mesh sieve was rejected and that remaining on the screen was uni- 

> Ritter and Fleck, Jnd Enq. Chem , 15, 1055 (1923). 

^ Paper, 20, No. 8, 15 (1917). 

•Cellulosechemie. 4, 83 (1923). 
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formly mixed. The samples were always kept in sealed containers. 
Johnsen and Hovey * used wood rasps in prejxinnf; their wood samples 
and they worked with rasping^s passing an 80 mesh, but retained on a 
100 mesh sieve. A number of other investigators (notably Dore) have 
also di.scussed the sampling of wood but in general they gave no definite 
information regarding the size of i)articlcs best suited to their pur]msc. 

Large or non-uniform wood i)articles made it difficult to remove lignin 
from cellulose. Dore '' showed that in the cellulose determinations made 
on redwood “shavings” from 0 77 to 5.78 jxt cent lignin was retained in 
the cellulose fractions. Under similar conditions, cellulose from coarse 
sawdust retained 0.16 to 1.64 per cent lignin, while that isolated from 
fine .sawdust seldom retained more than 0.5 jx^r cent lignin b'ine saw- 
dust was therefore recommended by Dore, but he jK)ints out the danger 
of obtaining unrepresentative samjiles by using fine screens In gen- 
eral (according to Dore), heavily lignified tis.sues resist mechanical dis- 
integration more than do the less lignified tissues of the s]>ringwood 
and a larger pro)X)rtion of lignin might be ex|xx'ted in the coarser frac- 
tions. In the light of recent studies by Ritter® it is highly probable 
that springwood actually contains more lignin than does summerwood. 
This is due to the fact that for a definite weight of springwood Ritter 
claims a higher percentage of “middle lamella lignin” than for the 
same weight of summerwood On the other hand, Dore’s general con- 
clusions might well he correct if wc amended them to read that the 
coarser particles eofitain a hiifhcr proportion of snmmcnvood This re- 
sistance would he due, however, not to the lignin content hut to the 
resistance of the denser wood to niechaniiol disintcip'alion The .spring- 
wood mav contain less lignin in the .secondary layer (le., the cell wall 
other than the middle lamella) than (k»es the summerwood, even though 
the total lignin content of sjwingwood is higher. This ixissihility, coupled 
with the fineness of division of the springwood particles might account 
for the greater retention of lignin by some of the coarser jiarticles of 
redwood sawdust, after chlorination. 

The work on sangiling by .Schorger was extended by Mahoorl," who 
examined the effect of the size of wood particles on the yield of cel- 
lulose obtained. IVIaterial which ]>assed an 80 mesh sieve, hut which 
was retained on a 100 mesh sieve gave the best cellulose yields. Mahood 
also showed that by using a combination of sawing and grinding (ie., 
ground sawdust) he was able to obtain a sufficiently large and representa- 
tive saiTijde of the wood in this 80-100 mesh fraction to warrant its U'^e 

*raprr. 21, No 2X 40 (1918). 

" Jnd hng Chem , 11, 556 (1919), 

* Ind Eng. i hrni., 17, 1194 (1925) 

V. ind. Eng Ghent., 12, 873 (1920) 
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in Schorger’s analytical scheme. Wood particles in this state of sub- 
division were readily attacked by the reagents and could be easily manipu- 
lated. In some later work, Mahood and Cable ” reached similar con- 
clusions regarding the size of wood particles, and Mahood’s suggestions 
on sampling have therefore been generally adopted by the Forest Products 
Laboratory. 

Determination of Water 

When conifers of low resin content or when hardwoods are to be 
analyzed, the moisture determination may be made 1)y drying a (2-3 gram) 
sample to constant weight at 100° C, or by drying for 6-7 hours in an 
air oven at 105° C. Since dry wood is exceedingly hydroscopic, weigh-* 
ings should always l)e made in weighing bottles with ground-in glass 
stoppers. Schorger® has shown that drying wood in an air oven at 105°- 
107° is more elTcctive than drying in a A^acuum desiccator over fresh 
concentrated H0SO4 at 30-60 mm. pres.sure and 55-60° C. 

More rapid drying may be attained by the use of a Ciaede vacuum 
pump at a temperature of 90° C,’° but in general the simpler expedient 
of drying at atmo.spheric i^res.sure is to be recommended Cellulose 
api)ears to hold water with extreme tenacity and canin)l be dried by the 
use of some of the more common substances used in dehydration.” 

If the wood sample contains very much resin, a ])art of this substance 
will be lost gradually on drying and unless special precautions are taken, 
the moisture determination may give high results Usually, however, this 
loss manifests itself only after 10-15 hours of drying. Schorger showed 
that a sample of longleaf pine containing per cent resin, lost 4 84 per 
cent of its weight wdien dried at 105-107° for 3 hours, and that there was 
no further change in weight until the .sample harl been heated well over 
11 hours. At the end of 21 hours, the loss was only 5.05 ptr cent 
and from then on, the sample lost very gradually, until after 711 hours 
the total loss in weight was only 6 35 |Xfr cent, indicating that not more 
than a 1.41 per cent loss had been incurred during the final 708 hours. 
In the ca.se of a basswood .sanii)le, the change in weight after the first 
3 hours was very slight and only 0 5 per cent of the weight of the 
.sample was lost during 7(X) hours of heating. 

When essential oils or other volatile substances are ]>rc.sent, the water 
confent of wood may be determined by placing 25 grams of the finely 
[)owdered sample in a 250 cc Frlenmeyer flask together with 75 cc of 
water-saturated xylol. On heating, the water di'=tils over with the xylol, 

"/ Ind Fnq. Chem . 14. 0.13 (1922). 

"/ Ivd Riuh Chem . 9. S6\ (1917) 

Gaefke, Dissertation. Dresden, 1919 

'^jentgen, Z anqcw Chem, 33, 1544 (1910). 
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and the distillate may be collected quantitatively in a graduated tube pro- 
vided with a funnel- or j)ear-shaped mouth. The amount of water may 
then be read off directly, since the essential oil is soluble in the hydro- 
carbon.^^ 

Ordinarily all siiljsequent analyses of wood arc made on air-dried 
samples, in which the moisture content has been accurately determined. 
Results are then calculated to the oven dry basis. 

Determination of Volatile Oils 

In rare instances, it is de‘'iral>le to determine the volatile oil content 
of wood. Schorger suggests the following procedure' The moisture in 
wood is determined by the xylol methofl. 1'en grams of sawdust are 
then weighed into an accurately weighed, wule-moiitb I'rlenmeyer flask, 
provided witli a glass stopper. The glass stopper is then rt'placed by a 
2-hoIe rubber stopi)cr which is entered by two tubes, the one extending 
nearly to the bottom of the llask and serving as steam inlet, and the 
other acting as an outlet tube for connection with a condenser 'The flask 
is heated in an oil bath, maintained at 110° C., and steam is i)assed in 
gradually until all of the oil has distilled over 'J'he rubber stopper 
is then withdrawn from the flask, into which are washed any i)articles 
of sawdust adhering to the tubes, stop])cr, etc. The heating of the flask 
in the oil hath is then continued until nearly all the water has been 
exjxdled. ]\vai)oration may be expedited by applying suction to the llask, 
which is then wiix-d clean and dried to constant weight, the original glass 
stopiKT being used to seal the flask The weight of dry wood substance 
is found in this way The difference between this weight and the weight 
of the original samples = water plus volatile oil. The amount of volatile 
oil is found by subtracting from this figure the amount of water found 
by the xylol method. 

.Schorger showed that by deducting water (obtained by the xylol dis- 
tillation) from the total loss in weight obtained by drying at 105-107° C. 
figures for essential oil were obtained that were appreciably lower than 
when the oil was exjx^lled by steam The method outlined above is, 
therefore, assumed to give results which are more nearly correct. If, how- 
ever, a wood contains or gives rise to considerable amounts of other 
components (like formic and acetic acids) which are volatile with steam, 
it is quite ])rohablc that either method would yield high results. 

The “Acid Hydrolysis” Determination 

Schorger lias devised a standardized tirficediirc for the determina- 
tion of volatile acids that are formed when wood is heated wdth aqueous 
sulfuric acid. The method is as follows: 

“ Schorger, loc ett ; I'orest Service Circular No. 134 
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“Approximately 2 of sawdust are placed in a 250 cc Erlenmeyer 
flask and 100 cc of 2.5 per cent HjSC )4 added. The flask is connected 
with a reflux condenser and the contents arc boiled gently for 3 hours 
and then allowed to cool. The interior of the condenser is washed down 
with a little distilled water and the contents of the flask are transferred 
to a 250 cc graduated flask. Distilled water free from carbon dioxide 
is added to make uj) to the mark and the .solution allowed to stand scveial 
hours with frequent shaking, and then filtered. 

“A wide-moiithed, round-bottomed, 750 cc flask is ]>rovided with a 
rubber .stojiper containing: (1) a dropping funnel; (2) a glass tube 
drawn out to a cajiillary, clo.sed with a rublier tube and juncbcock, and 
exteufling to the bottom of the fla.sk; and (3) a .Soxhlet connecting 
bulb- tube. An ordinary condenser is used, to the end of which is 
attached (as receiver) a 500 cc di.stilling flask cooled with a stream of 
water and connected with a manometer and .suction jmmp. 

“A few pieces of pumice are i)laced in the 750 cc flask, to which are 
added 200 cc of the filtrate obtained above ( m the case of hardwoods 
use 100 cc). The flask is heated in an oil bath mainlaiiied at rS5° C, 
while the pressure is reduced to 40 to 50 mm When the volume of 
the contents of the flask is reduced to about 20 cc, distilled water is 
added through the dropjiing funnel, drop by dro]), at the rate at which 
distillation actually takes j)lacc When 1(X) cc of wasli water have 
been distilled over, the di.stillatc is titrated with N/10 NaOJI using 
phenol])hthalein as indicator. If (a) 200 cc or (b) 100 cc of solution 
were taken for distillation, the number of cc of Nat )1 1 used is multiplied 
by (a) 5/4, or (b) 5/2, resixTtiAely. and calculaUxl as acetic acid. 

“All the distilled water used in this determination .should have been 
recently boiled to exjxd carbon dioxide.” 

Formic acid may be present ani(»ng the volatile acids as well as acetic 
acid and other organic acids are not excluded. Some investigators 
ascribe the acetic acid entirely to acetyl groups in the lignin, but, as we 
have stated in a previous cha]>ter, this is not necessarily the source and 
jn'obably not the only sfuirce of the acid 'I'lie “acid hydrolvsis” would 
include any free volatile acids originally jire.sent in the wood. Tt would 
also include volatile acids resulting from the jiartial hydrolysis of esters 
in the resins Inirthermore, the .standardized acid hydrolysis causes a 
marl-Kxl deconqiosition of the wood .substance and a part of the volatile acids 
may be formed in this way. 

Fxiierimental data have shown that certain woods yiffl<l free volatile 
acids without the u.se of IT^SO,, simplv bv treatmenl with cold water. 
Some woods are known to lose as much as one- third of their original 
weight under the conditions of Schorger’s acid hydrolysis With in- 
creasing strength of acid, individual woods give increasing yields of acetic 
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acid. This was shown by Schorger in the case of yellow birch. Two 
and one-half jDcr cent of sii]]:>huric acid (according^ to the standardized pro- 
cedure) yielded 3 99 cent acetic acid; 5 per cent H 2 S ()4 gave 4.31 
per cent acetic acid , and 10 per cent 1 T:.S 04 yielded 4.53 jx^r cent of 
volatile acid.s. It is iiniKissible then to place our linger on all the com- 
ponents of wood that serve as precursors of acetic acid. 

Determination of Nitrogen 

This determination is seldom made m American practice. Nitrogen 
ill wood may lie determined by treating 0 7 gram of sample by Cjimning’s 
modification of the Kjeldalil method. The results may be arbitrarily 
calculated as protein by niiilti]>lying tlie |km' (.enl nitrogen by 6.25 

Determination of Ash 

Mineral matter in wood may be determined by incinerating a repre^ 
sentative sainide in a shallow ]>latinum dish in a ninllle furnace at dull 
red heat. It is well to .stir the contents of the dish from time to time 
so as to insure complete combustion. 

After the ash has been weiglual a lest may be made for unburiit 
carbon by treating the mineral residue with dilute lU'l. If the comluistion 
is inconiplele, carbon will <ippear as black siisixMided matter. Schwalbe 
and Sieher’"’ suggest the use of small amounts of ammonuim nitrate or 
3 per cent 1 h.Oo to oxidize tenaciously retained carbon. 

The ash may be analyzed furthei for its various mineral comix)ncnts 
Idle occurreiue (jf these substances m wood ashes has been fully di.s- 
cii.ssed in a pievious chajiter. 

Determination of Fractions Dissolved by Various Solvents (Ex- 
tractives) 

'rile ether soluble malerial m wx>od represents largely fats, resins, and 
oils, and may be determined by extracting 3-4 grams of the finely divided 
wood with ether in a Soxhlet extractor for 4-5 hours, and by weighing 
the residue after evap(tration of the solvent.^'* Schorger also attempted 
to make this determination by noting the loss in the weight of wood 
extracted but this method did not yield reliable results. 

Waxes have been included among the ether soluble extractives but 
we still lack reliable experimental data to sliow the preseiKc of true waxes 
in wood. 

Tn general, coniferous woods yield a much higher ])ercentage of ether 

“Dorc and Millci, r«/7' Califnrnui Puhlit aiwus in /.onloov. 22, No. 7, 388 
(1923); Scliwalbc and Heckcr, Z. nnucw Clu m , 32, 1, 229 (1919) 

.Scliorgcr, loL at 

“ "Bclnel)sk(iiitrolle ” 

** Schorger, loc. i li. 
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soluble substances than do the hardwoods although there are noteworthy 
exceptions to this rule. Basswood, which contains a semi-drying oil, 
averages nearly 2 i)er cent of ether soluble extractives, while western 
larch averages well under 1 per cent of ether-soluble material. 

Alkali soluble substances in wood are determined according to Schorger 
by treating 2 grams of the original sawdust with 100 cc of 1 per cent 
NaOH in a 250 cc beaker. The beaker is covered with a watch glass 
and placed in a pan of boiling water ('maintained at constant level) for 
exactly one hour. The contents of the beaker are stirred occasionally 
during the extraction. The material is then collected on a weighed alundum 
crucible, washed thoroughly with distilled water, then with aqueous acetic 
acid and again with water, after which the crucible is dried and weighed 
and the loss in weight calculated. 

Since alkali has no six'cific action on wood, and attacks a number 
of different components, the significance of the determination is not very 
clear. Dilute sodium hydroxide solutions remove a part of the lignin 
and pentosans and a part of the hexosans, as well as the free acids 
present in the resins Alkali treatment t)rol)al)ly also causes a jiartial 
hydrolysis of esters present in the wood. 'I'he hardwoods, which con- 
tain a much higher proiXMtion of iientosans than do the conifers, are 
usually attacked more rigorously by alkali than arc the softwoods It 
would be misleading, however, to make the statement that the content 
of alkali soluble material of amjiospcrms is always higher than that of 
the gymnosperm^. Individual samples of Western yellow pine and long- 
leaf pine run higher in alkali soluble substances than do certain samples 
of shellbark hickory or sugar maple. 

The total hot water soluble material and also the total cold water 
soluble material in wood were determined by Schorger 'J'he chief sub- 
stances extracted from wood by means of water arc the tannins, alkaloids, 
and some of the simpler carbohydrates. Certain polysaccharides {c.g. 
galactans) arc also removed in colloidal solution. Heating with water 
may also cause the jxirtial hydrolysis of some constituent groups in lignin 
or in the resins and so we may expect free organic acids and methanol 
in the aqueous extract. In individual dyewoods, water may also dissolve 
the precursors of dye.stuffs. 

The hot water-soluble substances were determined by healing two 
grains of finely divided wood with 100 cc of distilled water in a 3CX) cc 
Erlenmeyer flask provided with a reflux condenser. After the water had 
been boiled gently for 3 hours the contents of the flask were transferred 
to a weighed alundum crucible, washed with hot water, dried and weighed. 
The loss in weight was due to the material extracted with hot water. 
Cold water soluble substances are determined by extracting 2 grams of 
the wood for 48 hours with 300 cc of water at room temperature. The 
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mixture should be stirred at frequent intervals. The analysis is com- 
pleted as in the case of the hot water soluble determination. 

The percentage of cold water extractives is always lower than that 
of the hot water soluble substances in the same sample. Here again 
the determinations cannot be easily correlated with detinite components in 
the wood, and are chiefly valuable in indicating whether a high tannin 
content may be expected. 

Extraction Methods Used in Summative Analysis 

The extraction methods applied by Dore have been mentioned in 
the preceding chapters. In determining the bcnaoic soluhic nuitrrial, Dore 
places 2 grams of the ozn'n dried sample in an alundum thimble and sub- 
jects it to extraction with benzene for 6 hours in a Soxhlet apparatus. 
The solvent is then evai>orated and the re^'idual extract dried for 1 hour 
at 100° C. and weighed. The wtiod residue in the thimble is then ex- 
tracted further with 95 jx^r cent alcohol for 6 hours. The solvent is 
subsequently evaporated ,'ind the residue dried and weighed as before. 
This weight is termed the alcohol extract Vaiious of Dore’s determina- 
tions (cellulose, lignin, etc.) were made on coniferous wood samples 
previously extracted by the above methods. 

In the case of hardwoods, Dore also determines the cold water soluble 
material (in woc»d samples already subjected to the benzene and alcohol 
extractions) by a method similar to that described by Schorger (except 
that 200 cc of water are used and the extraction period is limited to 24 
hours). The wood residue from this extraction is then transferred to a‘ 
beaker and treated with 100 cc of 5 jier cent NaOH for 24 hours. It 
is then filtered off on the same crucible used in the cold water deter- 
mination and washed successively with water, dilute acetic acitl and again 
with water. "J'he loss in weight from the previous weighing ( i.e. from 
the wood residue insoluble in cold water) represents the material soluble 
in 5 tx:r cent NaCMl The determinations of other components in the 
hardwoods w'crc made on cninfrletcly exlnufrd wood samples 


Loc. cit. 



Chapter 3 

The Determination of Cellulose 

The Method of Cross and Bevan 

Jn the chapter on cellulose, we stated that in the United States the 
term icUiilosc (when used by analytical chemists) generally referred tu a 
residue remaining after wood had been delignified by the use of a 
chlonnaiion method. 'Uie quantitative procedure for the isolation of 
cellulose was devised by Cross and ikvaii ^ who subjected the dried 
material to treatment with 1 jier cent NaOll solution, and then treated 
the liltered and washed residue with a slow stream of moist chlorine gas. 
A lively reaction ensued, in which the lignin was chlorinated and this 
“lignone chloride” was then dissolved away from the cellulose (after 
washing with w\'iter) by treating the material with a hot 1 jier cent solu- 
tion of A'ajSO;, to winch a small amount of dilute NaOll solution had 
been added. The residual cellulose was ‘‘thrown u[xjn a cloth filter and 
washed with hot water,” and if necessary bleached white with 0.1 per cent 
sodium hyiMJchlonte or jxitassium jiernianganate, followed by successive 
washings with sulfurous acid and water. 'I'he residue was then dried and 
weighed. Cross and llevan state that ‘‘cellulose examinations by this 
method give what may be considered the maximum yield,” A few of the 
earlier results obtained by these investigators (and recalculated from their 
ligures — “( ellulose,” ]>, 105) are of interest, since they are not strikingly 
ditrerent from data obtained by later investigatois who modified the Cross 
and llevan procedure. .Samples of pine, beech, sycamore, and birch yielded 
respectively 64 1, 53 3, 58 S, and 63.4 per cent cellulose.- 

The reagents used by Cross and llevan in removing encrusting mate- 
rial have been retained by most American chemists and by a number 
of Uuroiiean investigators However, the original method has been sub- 
jected to revision and moditication from time to time and it is probably 
still undergoing an evolution. 'J'akeii by and large, it is the most satis- 
factory iirocedure that w^e have for determining cellulose in wood. 

* “Cellulose," PI). 05, 195 

“ Compare these figures with those given in tlu- final chapter of Part III of this 
monograph. 
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Modifications of the Cross and Bevan Method 

Important modifications of the method were instituted by Renker * 
who worked with moistened material and used a stream of cold chlorine. 
Renker also preferred to eliminate the pretreatment of wood with 1 per 
cent NaOH and extracted his original material with alcohol-benzol mix- 
tures. 'J"he cellulose residue, obtained after chlorination, he treated 
immediately with sulfurous acid so as to prevent oxidation. 

Renker’s modified procedure was adopted by Schorger in his analysis 
of wood."* Two grams of wood shavings were extracted during 3-4 
hours with a mixture of equal parts of benzol .ind alcohol After the 
solvent had been evaiKirated, the shavings were thoroughly washed with 
hot water, using a suction immp. The moist shavings were then traiis- 



Fk. 0 --Chlonnation Apparatus used hy Scliorger. 


feried with a pointed glass rod to a 250 cc beaker, evenly distributed 
over the bottom and subjected to a stream (at the rate of 40 bubbles per 
minute for each sample) of w'ashed chlorine gas, for half an hour. 
The chlorination was carried out in a sjiecially designed apparatus of 
the type sh(jwn in l^gure 6 This jx^rmitted the analyst to make four 
cellulose determinations simultaneously. 

The end of the tube delivering cblorine gas was kejit about inch 
above the shavings and at intervals of (>-7 minutes the material was 
stirred and the positions of the beakers were changed. The heat of 
reaction was controlled and a low temperature maintained during chlorina- 
tion by the use of running water as shown in the figure.® 

* “RestimtTiiings mcthodeii rler Cellulose," Berlin, 1910, p. 88, cited by Schwalbe, 
“Chemie der Cellulose," j) 620. 

* J. Ind ling ( hem , 9, 561 (1917) 

" Mahood, Science, 56, 82 (1922), states that the concentration of chlorine rather 
than the temperature must be controlled in making the cellulose determination. 
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After the chlorine treatment, the shavings were treated with a solu- 
tion of HgSOj,, until the chlorine odor disappeared and were then trans- 
ferred back to the alundum crucible and washed with hot water. Sub- 
sequently the shavings were again returned to the beaker and 100 cc 
of a 2 per cent sodium sulfite solution added and the beaker covered with 
a watch glass and placed in boiling water for 30 minutes. The j>artially 
delignified material was then transferred back to the crucible and thoroughly 
washed with water. 

I'he treatment with chlorine, followed by the sulfite washing, was 
repeated until the libers were practically white (i.e., until the chlorine- 
sulfite color reaction had disappeared). The JVIaule color reaction (fol- 
lowing the interaction of wood with chlorine followed by NajSO,, treat- 
ment) has been discussed in a previous chapter. "J'lie disapjicarance 
of all but a faint coloration served as Schorger’s end jHiint "J'he later 
chlorination periods were always shorter than the original period. After 
lignin bad been removed, the residue was given a final bleaching by the 
addition of 20 cc of 0.1 per cent KiMnf)^ solution, which after stand- 
ing 10 minutes was decolorized by addition of T he cellulose 

finally retained on the alundum crucilfie was washed thoroughly with hot 
water and then successively with aqueous acetic acid, alcohol, and ether.' 
The crucible was dried for 2 hours at 10.5" ('. in an air oven and weighed 
in a weighing bottle. 

In general, Schorger found that the coniferous woods were more 
resistant to chlorination than were the hardwoods. Samples of Douglas 
fir, white spruce, longleaf pine, etc., reejuired 4-.5 chlorinations while 
yellow birch, basswood, and sugar maple required 2-3 chlorinations to 
effect delignification. 

The time required in the Cross and Hevaii chlorination fas described 
by Schorger) was investigated critically by Ritter and h'leck “ who 
showed that prolonged chlorination w^as not particularly advantageous 
in removing lignin from finely divided wood .samples. They made com- 
parative studies (using 80-KX) mesh material) by varying the i)eriods 
of chlorination in two series. In the series of long chlorinations, suc- 
cessive time txiriods during which the chlorine made actual contact with 
the sample of wood, were 20, 15, 15, and 10 minutes. In the series of 
short chlorinations, the corresixindiiig time tx^riods were usually 5, 5, 5, 
and "5 minutes. The accompanying table (Tabic XII), which gives their 
results in brief, shows that the short time chlorinations serve in general 
to remove lignin and to cut down the degradation which cellulose suffers 
under the prolonged action of chlorine. 

Later experiments by Ritter ^ show'ed that successive three minute 

V Ind ling. Cliem . 16, 147 (1924). 

V. Ind. Eng Clwm , 16,947 (1924). 
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chlorinations instead of 5 minute periods proved sufficient to delignify 
wood. Ritter also showed that the i)artial gelatinization of Cross and 
Bevan cellulose could be eliminated by digesting the residue with hot water 
prior to the linal washing. 

A few other modihcations of Cross and Bevan’s original method de- 
serve attention. Siebcr and Walter*^ and later johnsen and Hovey ** 
carried out the reaction on a Gooch crucible so arranged that moist chlorine 
gas could be drawn through by suction. After the original chlorina- 
tion and even during the sulfite treatment, the cellulose was never removed 
from the crucible. Manipulative losses were avoided in this way. John- 
sen and Hovey also subjected their alcohol extracted wood sample to pre- 
treatment (prior to chlorination) with a mixture of glacial acetic acid 
and glycerine in the proixirtioii of their molecular weights (f)0:92). 
The finely divided wood sample was heated for several hours with this 
mixture at 135-40" in order to hydrolyze a jiart of the non-cellulosic 
polysaccharides of the cell wall. As a result of this preliminary treat- 
ment, the final cellulose yields arc 3-4 jier cent lower than those obtained 
without this pretreatment, but Johnsen and Jlovey claim that the results 
are more nearly comparable to the cellulose (pulp) yields obtained in 
commercial pulping iiroccsses, that the actual cellulose of the cell wall 
is not attacked and that the residual cellulose has heen i>arlially freed 
from pcnto.sans. 'I'liis claim is substantiated by the previous work of 
Schwalbe and Johnsen. However, the pretreatment of wood as sug- 
gested by Johnsen and Hovey has led to a lively ])()lcmic which, while 
it requires no discussion, serves admirably in demonstrating the difficulty 
in clearly defining or delimiting the term cellulose, as apiilied to wood 

Dore’s method for the determination of cellulose in wood is nearly 
identical with that of Sieher and Walter. 'I'he wood sample (about 2 
grams), after extraction with various .solvents (descnlied in the preced- 
ing chapter) remains undisturbed in the same Gooch crucible from the 
start until the end of the analysis. The crucible is fitted with a filter 
plate sewn up between two layers of cotton fabric which has been care- 
fully washed with water and alcohol. The filter plate (at the o]>tion 
of the analyst) may be fastened to the bottom of the crucible by means 
of a platinum wire. The wood sample rests on the filter plate. 'J'he 
assembled apjiaratus used by Dorc is shown in the accompanying 
cut (h^igure 7). 'J'he Gooch crucible w'as su]>ported over a suction filter- 
ing flask in the usual way. Around the filtration tube was fitted an 
inverted rubber stop^icr by means of which the crucible was capped with 

* Papier Jabrikant , 11, 1179, C. A , 8, 1202 (1914) 

* Paper, 21, No 23, p 40 (1918) 

^ Pulp Paper Maq. Can, 13, 600 (1915) 

“Johnsen, Mahood, Dore, J hid Eny. them, 12, 873 (1920); 13, 358 (1921). 

Ind. Eng. Cheni., 12, 264 (1920). 
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a glass adapter which served as the chlorine inlet. A moderately rapid 
stream of wa.shed chlorine was drawn by .suction through the wood 
sample for 20 minutes. The crucible was then removed and the sample 
treated with aqueous Ib-SOg and then washed with hot water. Follow- 
ing this, the crucible was j>laced in a 50 cc beaker, sufficient 3 per cent 
NasSOa .solution was added to nearly cover the material, and the beaker 
was heated on the steam bath for of an hour The crucilile was then 
returned to its original jHisition over the suction flask and sulfite solu- 



I'lf. 7 — C liJ»uii).itioii Apparatus usc<l by Dorc. 

tion W'as {xiured through the residue w^hich was then tlidrougbly washed 
with hot water. 'The chlorination and .sulfite treatments were rei>eate(l 
several times (dejicnding on the resistance of the wood towards de- 
lignification), the successive periods of chlorination being 15, 15, and 
10 minutes (etc.), y\fter the last sulfite treatment, the material w'as again 
wa.shed with hot water, dried 16 hours at 100”, and the crucible con- 
taining the cellulose wxMghed in a glass .stojipered vyeighing bottle 

Renker’s method as adopted by Schorger, and Sieher and Walter’s 
method for cellulose determination have been descriheil in detail, since 
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they are two of the most serviceable modifications of the orijrinal Cross 
and Bevan method now at the disposal of the chemist in forest products. 

Advantages and Limitations of the Chlorination Methods 

The use of chlorine on finely divided wood, followed by treatment 
with sulfites insures practically the complete removal of those encrust- 
ing substances, which for want of a better name we have termed lignin. 
It also causes the removal of some of the more unstable ixjlysaccharides 
which certain investigators grouj) together under the hemicelluloses, 
although by no means all of these are removed. Preceded by adequate 
(not too drastic) treatment, it causes tbe removal of the extraneous sub- 
stances like the tannins, dyes, resins, etc. However, the chlorination 
process alone never yields a homogeneous residue, nor one remotely ap- 
proaching homogeneity. This homogeneity has been tacitly assumed by 
some chemists but it is contraverted by experimental facts. The process 
is based on the resistance of certain cell wall substances to attack by 
chlorine and on the removal of the non-resistant substances. No ana- 
lytical method which functions by removing “impurities” from an in- 
soluble residue can be free from criticism. 

It is quite conceivable that an entire group of chemically different 
polysaccharides exist in the cell walls of certain woody plants that would 
be determined together as u'ood cellulose It is also highly jirobable 
that among these substances there is one chemical individual (present 
in prei>on(kTating amount) that is identical with cotton cellulose in its 
chemical constitution In certain plants it is not unlikely that true 
cellulose can exist in such a physical state that its resistance to attack 
by chlorine would be considerably lowered and that it might be removed 
in part during chlorination and reckoned among the non-celliilosic con- 
stituents of the cell wall. 

So much for the siK'culative side of the jiicture. F.x])eriments have 
shown that slight variations or modifications in the chlr)rinalion method 
may cause startling changes in the ]>roperties of the “wood cellulose” 
residue. This is .strikingly illii.sl rated in two of Kilter and Ideck’s analy- 
ses in which they comiiare tbe re.sults of long and sbort ]>eriod chlorina- 
tions.’^ Long jxrriod chlorinations in general gave lower yields of the 
resistant a-cellulose. This same fact may be noted by contemidating the 
rapid increase in the alkali soluble portion of wood cellulose (or cotton 
cellulose) with re]L>eated chlon nations. This is clearly shown in Table I, 
Chapter 1, Part IT. d'hese facts serve to weaken our confidence in the 
infallibility of the Ooss and Bevan method, the results of which often 

” For experimental evidence leading to this conclusion, cf Chapter 1, Part II, 
of this monoRraph. 

“Cf. a-cellulose determination in the ca.se of black locust, Table XII. 
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become exceedingly difficult to intcr])rct. VVe must recall that the method 
is a conventional one, that it is useful if proj^erly standardized, and that 
it serves to determine quantitatively not our indhidnal c(WiI>o}icnt of 
the cell wall in wood, but a group of com]K)nents which share the gen- 
eral property of resistance to chlorination. If wc must continue to s]>eak 
of the residue after continued chlorination as ''cellulose" it is well to 
qualify it by labelling it Cross and Bei'un cellulose or cellulose by the 
Cross and Bezfan method, so as to indicate the jxist history of the material 
and to differentiate it from cellulose fractions isolated from wood by other 
analytical methods. 

Analysis of Cross and Bevan Cellulose 

Furfural-Yieldinij Components The fact that Cross and llevan 
cellulose when treated with IK'l yields furfural (or related aldehydes) 
has caused investigators frequently to determine furfural-} iclding com- 
ponents in this cellulose residue, and arbitrarily to calculate the results as 
pentosans, methyl pentosans, or both, and to a])ply a correction to the 
percentage of CVoss and llevan cellulose. As a concrete examine —the 
percentage of Ooss and ilevan cellulose isolated from longleaf i>ine was 
approximately 5«S jier cent, 'bhe total pentosan and methyliicntosan con- 
tent in this rendue (estimated from furfural determinations) was about 
9 per cent "I'he corrected cellulose figure would then be (58 — (58 X 
.09)), or 52 8 per cent While this type of computation may give a truer 
estimate of the norma! cellulose m wood, it is rather hazardous for the 
following reasons: 

(fl) The furfural, or related products may emanate (in part at least) 
from sources other than the |>entosans, such as oxidation products formed 
from cellulose during the chlorination. 

ib) The furfural or related products may be deiived from substances 
which some chemists still contend are an integral ])art of “wood cellulose.” 

(r) Such a correction gives an incomplete i>ictiire, and hence mislead- 
ing data on the true cellulose content of wood 

The first objection has been discussed previously (Cbaiiter 2, Part II). 
The second one, the writers feel, is not in harmony with present day ex- 
perimental evidence, but is presented for what it is worth. The third 
contention is justified, since there is ex|)erimcntal evidence that Cross 
and Bevan cellulose derived from conifers gi\cs varying amounts of man- 
nose as well as the i>entoses on hydrolysis. 

However, it is not quite proper to correct the cellulose content further 
by determining this mannose and calculating to mannan, and by subtracting 
this figure from the “pentosan-free” Cross and Bevan cellulose. The 
mannose (in the case of white spruce) may emanate in part from a carbo- 
hydrate that also gives other simple sugars on hydrolysis, and until the 
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constitution of such a complex polysaccharide is known, all corrections 
in the analysis of Cross and Pjevan cellulose would he oix^n to question. 
On the other hand, it has been shown that in individual cases the figures 
for “wood cellulose” determined by several totally different methods and 
subsequently corrected for “total pentosans and hexosaiis” were in good 
agreement. 

While it is unsafe to make a correction for pentosans in the case of 
Cross and P»evan cellulose, it is always advisable to determine the furfural- 
yielding components in this residue. This is now the practice in the 
Forest Products Laboratory and results indicate that appreciable amounts 
of furfural-yielding material are always present in the cellulose fraction. 
Cross and P>evan celluloses from coniferous woods often yield a combined 
t>entosan and methyl jientosan figure of 9-10 jx^r cent. The cellulose 
residues from hardwoods not infrequently contain 2-2 5 times this 
amount.^® 

The studies of the b'orest Products I aboratory have also shown that 
the Cross and Bevan cellulose from coniferous wood retains 3S-56 jxt cent 
of the total furfural-yielding bodies of the original wood, and that the 
cellulose fraction from the hardwoods retains 57-66 i)er cent of these 
substances. 

Pretreatment of the wood with glycerine-acetic acid mixtures j>rior to 
the Cross and Bevan determination lowers the amount of |)ent()satis in 
the cellulose residue but it does not remove the major |x)rti(jn of the 
furfural-yielding substances. 

Ash. The ash retained by (Voss and Bevan cellulose is usually slight. 
From Schorger’s results it would ai)]x*ar that this ash content seldom rises 
alx»ve 0 4 jxr cent and is usually well under this figure 

Lignin. Small amounts c)f lignin are often tenaciously retained by 
Cross and Bevan cellulose. I'o determine whether such lignin is present 
it is well to test the solubility of the cellulose in 72 iK*r cent JI_.S( >4. If 
the residue is apiireciable, it should be filtered off after diluting with water, 
washed and weighed, and subtracted as a correction from the total (^ross 
and Bevan cellulose. 

Alpha, Bela and Comma Cellulose. Tn a previous chapter we brieily 
defined the terms a-, fl-, and y-ccllulose as they are commonly used. 

Schwalbe who a]»plicd these deterniinations to ]>ul]) has described 
them as follows:^* Ten grams of the cellulose residue are thoroughly 
incorporated into 50 cc of 17-liS per cent NaOII and the mixture is 
allowed to stand for 30 minutes. It is then treated with 50 cc water, 

”Cf. Table XIX, C hapter 6, I’art III. 

“Johnsen and llovcy, lor cit. 

” “Cheniie der CVlliilo.se,” p. 6.37 (1911) 

"Cf. also Cross and Bevan, “Rescarclic.>> on C'elliilose," 3. p. 23 (1905-10) ; and 
Jentgen, Kunststoffe, 1, 165 (1911). 
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stirred and filtered off by suction on a Buchner funnel and washed with 
small successive portions of cold water until the filtrates are no longer 
alkaline. These filtrates are kept separate from subsequent washings. 
The residue which is washed with hot water is dried and weighed. This 
residue is the resistant portion of the Cross and Bevan cellulose and is 
usually termed a-cellulosc. 

The alkdlinc filtrates from the a-cellulose are treated with concentrated 
acetic acid until the solution is distinctly acid. This jirecipitatcs the so- 
called ^-cellulose which is heated at 100'’ until the mother liquors are clear 
and the precipitate settles readily. The fl-cellulose is then filtered, washed 
with 6-8 portions of boiling water, dried and weighed. The difference 
between the total cellulose and the sum of the a- and l-J-ccllulose is known 
as yt'^^llulose |i.c., “Cro.ss and Bevan cellulose"- -(a-celluloi-c + P-cellu- 
lose) = 

Quite recently, Bray and Andrews stimulated by the ilifficulties met 
with in the above procedure, devised a volumetric method for a-, fi-, and 
Y-cellulose. The claims for this method are (1) that it is more rapid than 
the gravimetric analysis, (2) that it overcomes washing and filtration diffi- 
culties and (3) that since aliquot ixirtions are used, check determinations 
may be made without retracing all the steps of the analysis. 

The method which may he apj)hed to ])u!p as well as to Cross and l^evan 
cellulose depends on the (juantitative oxidation of cellulose to CO. by means 
of dichromate: CnPlmOB -f- 6O2 — ^ 6COa -f SH^O. 

'‘Since the jiotassium dichromatc solution is to he used in oxidizing 
cellulose from pulps, it is .siandardized against cellulose obtained by the 
chlorination method of C ross and Bevan from sulfite pulp. The cellulose 
equivalent so obtained is used in preference to the theoretical value. 

“A])proximately 1 gram of celliilo.se (not corrected for ash), dried 
at 105" C., is taken from a weighing bottle and ])laced in a 250-cc beaker. 
This is triturated with 30 cc of 72 ix?r cent sulfuric acid and allowed to 
stand until solution is complete. The sulfuric acid solution is transferred 
to a 100-cc graduated flask. The beaker is washed several times with 72 
fier cent sulfuric acid to insure comjiletc removal of the dissolved cellulose. 
The flask is filled to the mark with 72 per tent sulfuric acid and thor- 
oughly mixed. To a 10-cc portion of the dissolved cellulose, 10 cc of 
potassium dichromatc .solution (containing apiiroximatcly 90 grams per 
liter) and approximately 60 cc of 72 [ler cent sulfuric acid are added. 
The solution in the beaker is boiled for exactly 5 minutes, cooled in ice, 
and titrated with ferrous ammonium sulfate solution (containing 159.9 
grams per liter), using ixitassium ferricyanidc as an indicator. The titra- 
tion is conducted in the usual way and the point' where a drop of the 
titrated solution gives a blue color with a drop of the indicator is taken 

^Ind. Eng. Chem., 15, 377 (1923). 
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constitution of such a complex polysaccharide is known, all corrections 
in the analysis of Cross and Bevan cellulose would be open to question. 
On the other hand, it has been shown that in indiviflual cases the figures 
for “wood cellulose” determined by several totally different methods and 
subsequently corrected for “total pentosans and hexosans” were in good 
agreement. 

While it is unsafe to make a correction for jxMitosans in the case of 
Cross and Bevan cellulose, it is always advisable to determine the furfural- 
yielding components in this residue. This is now the practice in the 
Forest Products Laboratory and results indicate that appreciable amounts 
of furfural-yielding material are always present in the cellulose fraction. 
Cross and Bevan celluloses from coniferous woods often yield a combined 
pentosan and methyl pentosan figure of 0-10 jxir cent. The cellulose 
residues from hardwoods not infrequently contain 2-2 5 times this 
amount.^® 

The studies of the h'orcst Products Laboratory have also shown that 
the Cross and Bevan cellulose from coniferous wood retains 38-56 jx'i* cent 
of the total furfural-yielding bodies of the original wood, and that the 
cellulose fraction from the hardwoods retains 57-f)6 jier cent of thc.se 
substances. 

Pretreatment of the wood with glyccrinc-acctic acid mixtures i>rior to 
the Cross and Bevan determination lowers the amount of jx*nt()sans in 
the cellulose residue but it does not remove the major jxirlion of the 
f u r f u ral -y i elding substances . 

Ash, The ash retained by Cross and Bevan cellulose is usually slight. 
From Schorger’s results it would apjiear that this ash content seldom rises 
above 0 4 i>er cent and is usually well under this figure. 

Lifjiiin. Small amounts of lignin arc often tenaciously retained by 
Cross and Bevan cellulo.se. 1'o determine whether such hginii is ]>resent 
it is well to test the .solubility of the cellulose in 72 |K‘r cent H 

the re.sidue is appreciable, it should be filtered off after diluting with water, 
washed and weighed, and subtracted as a correction from the total Ooss 
and Bevan cellulose. 

Alpha, Beta and itamma Cellulose. Jn a pre\ious cha]>ter we briefly 
defined the terms a-, (3-, and y-cellulose as they are commonly used 

Schwalbe^" who applied these determinations to j)ulp has described 
them as follows C® Ten grams of the cellulose residue are thoroughly 
incorporated into 50 cc of 17-18 jier cent Nat 111 and the mixture is 
allowed to .stand for 30 minutes. It i;? then treated with 50 cc water, 

”Cf. Tabic XIX, Chapter 6. Bait TII. 

“Johnsen and llovey, Inc cit. 

” “Chernie der Cellulose,” ]). 637 (19I1). 

”Cf. al.so Cro.s.s and Bevan, “Re.searches on Cellult»se,” 3, p 23 (I905-10); and 
Jentgen, Kunststoffe, 1, 165 (1911). 
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stirred and filtered off by suction on a Buchner funnel and washed with 
small successive portions of cold water until the filtrates are no longer 
alkaline. These filtrates are kept separate from subsequent washings. 
The residue which is washed with hot water is dried and weighed. This 
residue is the resistant portion of the Cro.ss and Hevan cellulose and is 
usually termed a-cellulosc. 

The alkaline filtrates frt)m the a-cellulose are treated with concentrated 
acetic acid until the solution is distinctly acid. This jirecipitates the so- 
called ^-cellulose which is heated at 100° until the mother liquors are clear 
and the precipitate settles readily. The ^-cellulose is then filtered, washed 
with 6-8 portions of boiling water, dried and weighed. The difference 
between the total cellulose and the sum of the a- and P-ccllulose is known 
as Y"^'ellulose |i.e., “Cross and Bevan cellulose” — («-cellulose -}- p-cellu- 
lose) = Y“cellulose]. 

Quite recently, Bray and Andrews stimulated by the difficulties met 
with in the above procedure, devised a volumetric method for a-, (3-, and 
Y-cellulose. The claims for this method are (1) that it is more rapid than 
the gravimetric analysis, (2) that it overcomes washing and filtration diffi- 
culties and (3) that since aliquot ixirlions are used, check determinations 
may he made without retracing all the steps of the analysis. 

The method which may be applied to piilj) as well as to Cross and Bevan 
cellulose dejxinds on the quantitative oxidation of cellulose to COu by means 
of dichromate: CoUioOg -j- 6O2 6CO2 -}- 5H2O. 

“Since the potassium dichromate solution is to be used in oxidizing 
cellulose from pul])s, it is standardized against cellulose olitaincd by the 
chlorination method of C'ross and P>evan from sulfite pulj). The cellulose 
equivalent so obtained is used in preference to the theoretical value. 

“Approximately 1 gram of cellulose (not corrected for ash), dried 
at 105° C., is taken from a weighing bottle and ])laced in a 250-cc beaker." 
This is triturated with 30 cc of 72 jkt cent sulfuric acid and allowed to 
stand until solution is complete. The sulfuric acid solution is transferred 
to a 100-cc graduated flask The lieaker is washed several times with 72 
t)er cent sulfuric acid to insure conijilete removal of the dissolved cellulose. 
The flask is filled to the mark with 72 [xt cent sulfuric acid and thor- 
oughlv mixed. To a 10-cc portion of the dissolved cellulose, 10 cc of 
potassium dichromate solution (containing aiiproxmiately 90 grams per 
liter) and approximately 60 cc of 72 jxir cent sulfuric acid are added. 
The solution in the beaker is boiled for exactly 5 minutes, cooled in ice, 
and titrated with ferrous ammonium sulfate solution (containing 159.9 
grams per liter), using potassium ferricyanidc as an indicator. The titra- 
tion is conducted in the usual way and the jxiint where a drop of the 
titrated solution gives a blue color with a drop of the indicator is taken 

"/nrf. Eng. Ghent., 15, 377 (1923). 
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as the en(i-ix)int of the titration. The relative value of ferrous ammonium 
sulfate solution to the dichromatc solution is established by titration in 
the usual way. 

“One f^^ram of dry Cross and T5evan cellulose or sample of pulp is 
weighed into a 250-cc beaker and triturated with 25 cc of mercerizing 
liquid (17.5 per cent sodium hydroxide .solution) until the mass is homo- 
geneous, and allowed to stand for 30 minutes. The contents of the beaker 
are filtered with suction through an alundum (jxirosity R. A. 98) or a 
Gooch crucible After the insoluble cellulose is sucked practically dry, it 
is loosened with a glass rod and washed, first with 4 jxir cent sodium 
hydroxide solution (50 cc) and then with approximately 300 cc of cold 
distilled water in small quantities. 

“Since the a-cellulose is dissolved in 72 per cent sulfuric acid, it is not 
necessary to wash it free from .sodium hydroxide, which would be very 
difficult to remove in cellulose containing a high t^ercentage of P-cellulose. 
In some cases it is imi)ossible to sei)aratc the alkali-insoluble and alkali- 
soluble cellulose (a- and p-cellulose) by filtration through an alundum 
crucible, as the cellulose mass becomes very jelly-hke becau.se of the pre.s- 
ence of p-cellulose. In .such cases the alkali-treated cellulose is placed in 
tubes and centrifuged until the a-cellulose separates at the bottom of the 
tube. The supernatant liquid is decanted from the a-cellulo«e which is 
successively washed by decanting and centrifuging, first with 4 per cent 
sodium hydroxide solution (50 cc) and then with distilled water, until 
the total washings approximate 350 cc. 

a-Cclhdose — The alkali-insoluble or a^'ellulose is removed from the 
alundum crucible with a pointed glass rod and jilaced in a 250-cc beaker, 
'rhe filtrate is used for the p- and y-t^t'hulosc determination. It is then 
dissolved in approximately 30 cc of 72 jx^r cent sulfuric acid, transferred 
to a 100-cc graduated flask by washing successively with portions of the 
acid, and filled to the mark. A 10-cc sample is pqietted into a 250-cc 
Pyrex beaker, to which arc added 10 cc of standard dichromate solution 
and approximately 60 cc of 72 per cent sulfuric acid. The oxidizing mix- 
ture IS boiled gently for exactly 5 minutes and cooled in ice, and the excess 
dichromate is titrated with ferrous ammonium sulfate solution, as de- 
scribed under the standardization of iMitassium dichromatc solution. 

“p- plus y-Ccllulosc — The 350-cc alkaline filtrate containing the P- and 
y-cellulose, remaining from the alkali-insoluble or a-cellulosc determina- 
tion, is diluted to exactly 400 cc. This is divided into two equal parts. 
One 200-cc portion, which is left alkaline, is diluted to 150 cc in a grad- 
uated flask. A 25-cc i>ortion of this solution is pipetted into a 250-cc 
beaker. To this arc added 5 cc of the standard dichromate solution and 
60 cc of 72 per cent sulfuric acid The contents of the beaker are boiled 
for exactly 5 minutes, cooled in ice, and titrated as described under the 
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a-cellulose determination. P'rom this titration the sum of the percentages 
of p- and y-cellulose is calculated. 

*‘y-Cellulosc — 'I'he remaining 200 cc of the alkaline filtrate from the 
(x-cellulose determination are acidified with 10 per cent sulfuric acid solu- 
tion, using one drop of dilute methyl orange as indicator, adding 5 cc of 
the acid in excess, and diluting to 250 cc in a graduated flask. This pro- 
cedure almost immediately precipitates the p-ccllulose. The flask is allowed 
to stand for several hours, or until the (i-cellulose coagulates and settles 
to the bottom. A 25-cc portion of the suiiernatant liquid is pipetted from 
the flask and trealed as described under the P- plus y-cellulose determina- 
tion. From this determination the i>ercentage of y-, or soluble, cellulose 
may be calculated. 

'"^-Cellulose — 'Idle percentage of p-cellulose is obtained by subtracting 
the result of the y-cellulose determination from the result of the p- plus 
y-cellulose determination.” 

While P-cellulose and y-ccllulose are usually removed from a-cellulose 
by means of 17 5 per cent alkali, this oiKTation has been earned out arbi- 
trarily without recourse to reliable solubility data of cellulose in NaOH. 
Very recently D’Ans and Jager have reported that cellulose of different 
origins (chemical pulps, cotton cellulose, viscose, etc.) all show a maxi- 
mum solubility at 23^ in 12 per cent NaOTI (by volume), irresjxictive of 
the actual amount of substance dissolved at this jxiint. At higher con- 
centrations of alkali, the solubility of cellulose rapidly decreases and ap- 
parentl) the alkali derivatives of p- and y-cellulose become less and less 
soluble In the light of these data it would seem reasonable to exiieriment 
with the lower coiicenti ation of alkali (with rather carefully controlled 
temix’rature conditions) in any future study of the a-, p-, and y-cellulose 
determination Inirthermore, since it is quite probable that cellulose is 
oxidi/ed in air in alkaline su six'll si( in. it would apjxar advisable to carry 
out the reaction in an atmosphere of an inert gas. 

'riie significance of the terms a-, p-, and y-cellulose has been discussed 
previously. In a carefully standardized scheme of analysis these terms 
possess a certain jiractical significance in showing the relative resistance 
to alkali of \arious C ro.'^s and Ticvan residues. If, however, the terms 
are stretched beyond their elastic limit and an attempt is made to establish 
these fractions as chemical entities which occur in the original wood, they 
lose their meaning ( )f the three fractions, a-cellulose (isolated from 
coniferous woods), while it still retains extraneous material, most closely 
approaches cotton cellulose in its chemical propierties. As we have shown 
in Chapter 1, Tart II, accumulating exixrimental data serve to show that 

^ Celluloscchcnuc, 6, 144 (1925) 

“The Cellulose Division of the American Chemical Society is working towards 
such a standard method of analysis. 
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the a-cellulose from wood and normal celliilowSe from cotton probably 
contain the same cellulose unit. The fact that a-cellulose still retains 
small quantities of furfural-yielding material does not militate against 
this hypothesis, despite the criticisms of some recent investigators.”^ In the 
opinion of the writers, the cjuestion is still an ojien one preponderating 
experimental evidence in favor of the chemical identity of the larger part 
of the substance of a-cellulose of wood with a-cellulose isolated from cotton. 

The terms [I- and y-t^^lhilose are really misnomers. The names might 
imply that they are isomeric with a-cellulose hut wc have no exixjrimental 
basis for such an assiimiition. They may include substances related to 
cellulose or they may contain degradation products of cellulose. Their 
origin is never certain. We do know that if we keep on rechlorinating 
Cross and I’evan cellulo.se indcTinilely, we obtain accumulating P- and 
y-cellulosc fractions at the expen.se of the a-cellulose. This in itself indi- 
cates that only under rigorously standardized conditions can we expect 
comixirable results in the fractional analysis t)f Cross and Bevan cellulose. 

Other Methods Used in Determining Cellulose in Wood 

Renker '*^^ deserves the credit for making a comparative study of the 
various methods for determining cellulo.se in \\or}d and of emphasizing 
the utility of the Cross and Bevan method. 

In the accompanying table (Table XI 11) we have compiled the rc.sults 
of some of Renker’s investigations (summarized hy Schwalbe) which in- 
dicate pretty clearly that total cellulose yields in wood and cotton depend 
largely on the methods employed 

The report of the International Commission on Analysis of 1909^* 
emphasizes this same point and furthermore sIkiws that an individual 
method of analysis a])plied to a given .sample gives varying results in the 
hands of different analysts. 

TABLE XIII 

Yields of Cf.llitlo.se Oiuained i-kom Wood and fkom Cotton ry Various 
Analyiual Mftiiods (Renkrr) 


Per Cent Per Cent 

Cellulose Cellulose 

Method Used in Wood in Cotton 

Cross and Bevan method ... 60 55 97 85 

Muller's bromine water method . . 57.95 97.1 

Klason’s modification of Muller’s method . . . 51 85 95 45 

Schulze-Henneberg IINO, — KCR)» 'method 58 1 96 95 

HCl and KCIO, method ^ . . 57 15 96.15 

KMnO^ and I TCI method .43 0 96 65 

NaClO method 5 96.8 

Phenol method ((ierman Pat No. 94467). ... 519 94.2 


“Ritter and Fleck, J Ind linn. Chem , 14, 1050 (1922). 
” Loc. cit. 

Cf. Schwalbe’s “Chemie der Cellulose ” 
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Methods other than those involving chlorination will be discussed very 
briefly. Many of them have proved too cumbersome to be practical, while 
a number of them deserve further study. 

Hugo Muller’s cellulose determination depends on the treatment of 
alcohol and benzene extracted material with a 1.25 per cent solution of 
bromine in water. Small successive amounts of this reagent are added 
as long as the bromine reacts with lignin. The end point is reached when 
a small portion of the reagent is no longer decolorized. The residue is 
then washed with water and treated with aqueous ammonia, again washed 
and retreated with the bromine water until dccolorization again ceases. 
These alternate treatments with bromine water and ammonia are continued 
until a pure white product is obtained which fails to react further with 
bromine even after aminoniacal treatment. Muller’s method, while giving 
fairly reliable results, is obviously very time-consuming. Klason modi- 
fied Muller’s method by treating wood samples at 108° C. with 
Ca(JIS ().,)2 {O.SN CaSOi and O.OiV SO_.) prior to the action of bromine 
water. However, as shown in Table XII I, the results are quite low. 

An old method for the determination of cellulose, devised by F. Schulze 
and modified hy Ilenneherg depends on the gradual interaction of wood 
with a mixture of 0.8 part KClOa and 1.2 parts of 17 [jer cent HNOj 
(rf.l.l), at 15° or under. The reaction may require over two weeks (at 
times eight weeks) before a sufficiently “pure” cellulose fraction is ob- 
tained. At the end of the reaction the product is washed, treated with 
ammonia and finally with water, licsides its obvious tediousness, Schulze’s 
method, in Renkcr’s hands, gave fluctuating results which were often low. 
Oxidation products (such as “oxyccllulose”) were found in the residue, 
and the method was shown to be impractical. 

The Schulze method was also modified by HofTmeister who used a 
mixture of KClOj and HQ. liy this means lignin could be removed in 
24-36 hours but the residue contained a higher percentage of oxidation 
products than did the cellulose obtained by the original procedure. 

Haggluiid and (irenquist have attempted to isolate and determine 
cellulose by carefully regulating the hydrogen-ion concentration of their 
sulfite coolving liquor so as to leave cellulose unaffected while removing 
lignin and the pentosans. Such a cooking liquor contained 80 grams 
NallSOs in one liter of 0 2N HCl. This liquor also fails to destroy the 
glucose formed on hydrolysis of the ‘•hemicelluloses” of wood. By allow- 
ing this reagent to react with spruce wood for 7-8 days, a cellulose yield of 

” “Pflanzenfaser,” pp. 27-28. 

“Cf Schwalbe, "Chemic der Cellulo.se,” p. 621. 

”Ann., 146, 130 (1868). 

^Landw. Jahrb., 17, 240 (1888). 

“ Middclunijen Abo Akademie Inst fur Irakemi, No. 1 (1922), through Cellu- 
losechcmie, 4, 90 (1923). 
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55 i:)er cent was obtained. This compares favorably with yields of Cross 
and Bevan (spruce) cellulose after i^entosan corrections have been made. 
While the procedure is probably valuable in serving as a standard for 
sulfite cooking operations, it is too long to warrant its use in the determina- 
tion of cellulose. 

The cellulose determination by means of phenol, originally devised by 
Biihler (German Patent No. 94467) has recently been reinvestigated by 
Kalb and Schoeller.^" J^'our gram samples of extracted wood were treated 
for several hours with 50 grams of phenol and 25 to 200 milligrams HCl, 
at temjxiratures ranging from 60 to 97° C. The mixture was then washed 
successively with water, aqueous NaOH, water, dilute acetic acid and 
water. The results are consistent and rci)roducible but usually lower than 
those obtained by the Cross and Bevan method. Some of the poly- 
saccharides of the cell wall which remain in Cross and Bevan cellulose 
appear to be hydrolyzed by the treatment with phenol. IICl (or some other 
catalyst, like the halogens) is indispensable in the phenol delignification 
of wood.'*^ Phenol alone is a poor dehgnifying agent. 

A method that has recently lieen applied to the determination of the 
entire “skeletal tissue of the cell wall” is the ClOM-Na.jSO;, method devised 
by h'. Schmidt and his co-workers. This method of isolating the resistant 
polysaccharides of the cell has been discussed in a ];)revious chapter. 
Schmidt has really defined lignin as that part of the woody tissue which 
is attacked and removed by Ci02. Any sugar-yielding components that are 
removed in this way, he claims, belong proi)erly with the encrusting sub- 
stances of wood, lleuser and Merlau ““ have made a careful study of 
Schmidt’s method and have compared its results with those obtained by 
the Cross and Bevan procedure ICxtracted samples in the form of air- 
dried wood flour were shaken intermittently during 24 hours with an 
excess of 1.5 jxir cent CK)^ solution. The residue was then filtered on a 
Gooch crucible and washed with warm water until the CIO 2 reaction 
had di.sapixiared (KI indicator). The material on the filter paper was 
washed rejieatedly with 2-3 per cent Na^SOj solution until the washings 
were clear. Then followed .succe‘'sive washings with wiirni water, 0 2N 
CIO 2 solution and water. The residue after drying at 100° was termed 
the “skeletal substance” of wood. The results are considerably higher 
than those obtained for cellulose by the Cross and P.e\an method. Heuser 
contends that this skeletal sub.stance must be considered a “crude cel- 
lulo.se” residue (“Rohccllulose”) since in the case of spruce wood it 
contains appreciable amounts of jiento.sans and mannans. On the other 

^ Celluloscchcnue, 4. .37 (1923) 

“Lcgeler, Cclhtloscchemie, 4, 61 (1923) 

“For a very recent and comprehensive study of the action of variou.s phenols 
on wood and lignin, cf A. Ilillmer, Celhilpsechcmic, 6, 169 (1925) 

Celluloscchcmie, A, 101 (1923). 
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hand, the residue does not retain all of the pentosans since the CIO 2 
treatment which is practically without effect on cellulose causes the re- 
moval of small amounts of pentosans. According to Ileuser, then, the 
method furnishes no gauge of the total polysaccharide content of the cell 
wall, although it approaches such a result more closely than do other 
analytical procedures. If pentosans and mannans in the cellulose are de- 
termined and the yield of "pure cellulose” (Reincellulose) is calculated, 
the results are nearly identical with the yield of Cross and Bevan cellulose 
corrected for pentosans and mannans. Heuser’s results are shown in 
Table XIV. It is obvious that unless such corrcction.s are made, the two 
methods do not yield directly comparable results. 

Heuser has demonstrated that the CIO^ method may be very useful. 
The technic does not re(|uirc much of the analyst’s time and frequent 
retreatments of the "skeletal” residue are unnecessary. .^]^>ecial precau- 
tions, however, must be taken in the preparation of the CICX reagent to 
avoid explosions.’’^ 

TABLE XIV 

Yjeijis of Cflltjlo.sl from Spruce Wood (IIfuser and Meki \i ) 

Pentosan in ktannan in 
Cellulose ; Cellulose . 

I’er Cent Per Cent 

Based on Based on Coriectcd 

Total “Crude” Original Original Per Cent 

Cellulose Wood Wood C'cllulose 

Cross and Bevan method 59 24 4 9() 2 09 52 28 

Schmidt’s CKL method 62 71 4 44 5 43 52.84 

Indirect Methods for Cellulose Determination 

In their study of the components of wood and their industrial value, 
Konig and Becker u.sed a summative analysis in which they deter- 
mined cellulose by difference. They subtracted from 100, the percentages 
found for protein, resin, ash, lignin, and "hemicelluloscs.” (The latter 
included hexosans and soluble ixnitosans ) 'bhis difference was termed 
"crude cellulose” which was then corrected for "insoluble pentosans.” 
(The latter are the furfural-yielding substances which remain unhydro- 
lyzed after treatment of the wood samjde with very dilute H 2 SO 4 under 
pressure.) The result of such a correction is the "inire cellulose.” The 
yield figures obtained in this way are hardly comparable with those 
obtained by chlorination. The cellulo.se yields by Konig and Becker’s 

“The orange-colored gas is gcner.ited by mixing oxalic acid with KCIO*, cooling 
the solution and treating the nii.\ture with cold aqueous ll.tSC) 4 . This insures the 
presence of COz as a diluent of the explosive CIO.! The gas is absorbed in Wolff 
bottles containing ice-cold water 

angew. Chem , 32, 155 (1919). 
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method are much lower, ranging from about 40-50 per cent and never 
exceeding the higher figure.®” 

Other methods that have l)een pro]X)sed for the determination of 
cellulose in woods, all of which give much lower results than does the 
chlorination process without offering any marked advantages in tech- 
nic, require no discussion. 

“Cf. Chapter 6, Part III, of this monograph. 



Chapter 4 

The Determination of Pentosans and Hexosans in 

Wood 


The Pentosan Determination 

Perhaps no analytical methods that have been applied to plant tissues 
have aroused greater interest than those used in the determination of 
pentosans. Within the past few years these methods have been sub- 
jected to careful study and, at the time of writing (1925), European 
chemists arc reinvestigating the entire subject in the light of new data 
that have been published since tlie original methods were devised and 
in the hoix; of overcoming some inherent difficulties of the standardized 
procedures now in vogue. The Cellulose Division of the American Chem- 
ical Society has also apixiinted a committee to study ixiiitosan methods. 

A full critique and historical review of the ixintosan determination 
would be beyond the scoije of this monograph. They have been given 
admirably in a series of articles by Pervier and (iortner^ to which refer- 
ence is made. 

Pentosans cannot be determined directly. Their quantitative estima- 
tion deix^nds on their conversion into pentose sugars and subsequently 
into furfural by the action of IlCl. 

C,I1«04 + H^O > GHioOn 

pentosan pentose 

C.HioOo - 3 HC )2 > C6H4O2 

, rill presence \ . . , 

pentose j | furfural 

The gravimetric method for furfural, now in common use, was prob- 
ably first devised by Councler ® and later studied and modified by a host 
of investigators among whom Tollens and his students played an impor- 
tant part. The method depends upon the precipitation of furfural phloro- 
glucide from a hydrochloric acid distillate by means of phloroglucinol. 
This analytical procedure was applied by Schorger to the analysis of 

^Ind. Eng. Chem., 15, 1167 and 1255 (1923). 

•am. Zig.. 18, 966 (1894). 


153 



154 


THE CHEMISTRY OF WOOD 


wood at the Forest Products Laboratory and his technic (which is 
given in detail) is now in general use.* 

“Two grams of sawdust from coniferous wood (1 gram from hard- 
woods) are placed in a 250 cc flask provided with a separatory funnel 
and attached to a condenser. (The flasks are easily made by fusing an 
outlet tulje and funnel to the ordinary all glass wash bottles.) Add 
100 cc of 12 per cent hydrochloric acid (specific gravity 1.06) and distil 
at the rate of 30 cc in 10 minutes. The distillate is passed through a small 
filter before entering the receiver. As soon as 30 cc of distillate are 
collected, 30 cc of HCl are added to the distillation flask and the dis- 
tillation is continued in this manner until 3f)0 cc of distillate are collected. 
To the total distillate add 40 cc of filtered phloroglucine solution (that 
has been prepared at least a week previously by heating 11 grams of 
phloroglucine in a beaker with 300 cc of 12 per cent 11 Cl and after 
solution has taken place, making up to 1,500 cc with 12 per cent llCl). 
After addition of the phloroglucine, the solution soon turns greenish 
black. After standing 16 hours, the furfural phloroglucide will have 
settled. If a drop of the siijxirnatant liquid gives a pink color with 
aniline acetate pajier, the precipitation of the furfural is incomplete. A 
further amount of iihloroglucine solution is then added and the beaker 
allowed to stand overnight as formerly. 

“The furfural phloroglucide is filtered, using a tared Gooch crucible 
having a thick asbestos mat, and washed with exactly 150 cc of HoO. 
The crucible is then dried for 4 hours in a water bath and weighed in a 
weighing bottle.” 

The weight of material, however, does not represent only furfural 
phloroglucide. It includes the insoluble i>hloroglucides of any other re- 
lated aldeliydes that may have been formed from wood by the action of 
llCl. Such compounds might include methylfurfural and hydroxymethyl 
furfural. Schorger assumed the presence of methylfurfural and adapted 
his procedure as follows: 

“The crucible (containing the dried phloroglucides) is placed in a 
narrow beaker and 20 cc of 05 i)er cent alcohol are added to the crucible. 
The beaker is then iilaccd in a water bath maintained at 60° for 10 
minutes The alcohol is removed with a suction pump and the process 
repeated (usually 4 or 5 limes) until the alcohol that runs through is 
practically colorless The crucible is then dried for 2 hours m the water 
oven and again weighed. The weight of the residual phloroglucide sub- 
tracted from the weight of the mixed' phloroglucides gives the weight of 
the methylfurfural iihloroglucide.” 

*ln 1894 DcC'lianiot. Am Chem J , 16, 224, determined the furfural obtained 
from a number of hardwoods and conifers on treatment with llCl by precipitating 
the furfural as the phen> Ihydrazone. 
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The amounts of pentosan and methylpentosan may then be calculated 
by the use of Krobei’s tables^ and the data of Ellett and Tollens.® 

The technic m the phloroglucinol method could probably be im- 
proved in accordance with the sugj^estions of Schwalbe who carefully 
standardizes the dimensions of his distillation flasks, outlet tubes, etc., 
and to insure regular distillation of the furfural, recommends heating 
the flask in an oil bath at 160° C.® 

Pervier and Gortner, however, have raised serious objections to the 
entire phloroglucinol method. They have shown experimentally ' that 
the distillation of pentose-yielding materials takes place, not in the pres- 
ence of the 12 per cent IIC’l oiiginally added to the distillation flask, but 
in contact with 18-20 i>er cent HQ. At this concentration HQ partially 
destroys the furfural, and the analytical results are therefore low. They 
claim that by modifying the distillation as follows, this destruction of 
furfural is prevented; A weighed sample is mixed with 200 cc of 12 per 
cent HCl hydrochloric acid in a 750 cc distilling flask fitted up for 
steam distillation. A slow current of steam is conducted into the mix- 
ture which as soon as it reaches the boiling |x>int is heated with a low 
flame so that the vapor in the neck of the distilling flask is regularly 
maintained at 103-5° C About half of the original volume of the liquid 
should remain in the flask at the end of the distillation, which is continued 
until the distillate no longer reddens aniline paper. 

Objections to the iihloroglucinol method, raised by Pervier and 
Gortner, and others, may be summarized as follows : 

1. The method is not based on the molecular weight of the precipitate 
which (judging from the divergent analytical data of different observers) 
has no fixed chemical comixisition. The entire procedure is therefore 
empirical. 

2 Solubility corrections for the phloroglucide jn-ecipitate are required. 

3. The different jientoses yield varying amounts of furfural, thus ne- 
cessitating the use of a sjxTific factor for computing a specific sugar and 
an emi)irical mean factor for computing “jicntosans.” In the case of 
woods, this last named factor is jiresumably unreliable. 

4. Substances other than jx^ntosans may yield furfural by the HCl 
distillation method. 

5. Phloroglucinol precipitates .substances other than furfural. 

Despite tiiesc valid objections against the method, it is difficult to 

find a procedure that will do away with all of them. 

The methyli>entosan determination included by Scliorger is open to 
very serious question. There is no experimental evidence that methyl 

*Cf U S Dept. Agriculture Bulletin 107 (Revised), pp 226-30 (1908). 

“5cr.. k 492 (1905) ^ 

• Schwalbe- Sieber, “Betnebskontrollc, p 80. 

' Loc. cit. 
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jxintosans or methyl furfural- forming substances are present in most 
woods. (F.xceptions are found in a few woods like fustic (Rhus cotinus) 
which has been shown to contain the rhamnoside fustin). N ei^crtheless 
nearly all 7iH)ods hitherto exantined appear to (jive rue to appreciable 
amounts of methyl furfural 7vhcn the usual analysis is carried out. Tan- 
bark oak {(Juercus densidoraY wood is an interesting exception to this 
general rule. The non-formation of alcohol-soluble phloroglucides in 
the case of this wood remains unexplained. 

The methyl pentosan determination becomes even more questionable 
when we consider that purified hexoses and hexosans that are incapable 
of yielding mcthylfurfural, apparently give rise to methyl furfural by 
Schorger's method. If we treat purified cellulose, starch, glucose, fructose, 
mannose, etc., with 11 Cl under the conditions of Schorger’s iKmtosan 
analysis, we in\ariably obtain small but appreciable amonnls of a pre- 
cipitate with phloroglucinul. This precipitate is always partially soluble 
in alcohol and this soluble portion would therefore be mistaken for methyl- 
furfural ]>hloroglucide. In fact the amounts of these alcohol soluble phloro- 
glucides arc of the same order of nuignitude as the amount.s obtained 
from some of our native looods, johen the methyl pentosan determination 
IS madc.^ Pure hexoses do not yield mcthylfurfural. The phloroglucidc 
preci]>italcs are probably due to hydroxymethyl furfural, winch, as iieuser 
and his co-workers have shown, emanates from the action of acids on 
cellulose.’" Unless it has been proved that an individual wood yields 
methyli^entoscs on hydrolysis (as shown by actual isolation of the sugar 
or its derivatives) the methyl pentosan analysis is of no help whatsoever 
in determining the presence or amount of such .substances in the original 
wood, and is therefore quite worthless. 

A number of other gravimetric methods for the determination of 
furfural have been jiroposed and among these, methods depending on the 
use of barbituric acid derivatives have received a good deal of attention. 
The methods were recently studied by Dox and Plaisance.^’’ "J'hey found it 
ixjssihle to determine furfural quantitatively in the presence of 12 per cent 

IlCl by means of tlnobarbiluric acid CO — Nil — CS.NII — (JO — CHo 

I 

which forms a condensation iiroduction having the definite structure: 

CH CH 

[•H — C) — C - CH = C — C(i — Nil - CS -- Nil — CO 

I J 

HJf Tabic XIX 

“Vaiisclow and Wise; unpublished data on the methylpcntosan dctcrminalion 
Celltdosri hcrnic, 4, 25 and 85 (1923) 

Cf. BibhoKi.iidiy of Pervier and riorlnci, loc cit. 

Ant. Chem. Soc., 38 , 2156 ( 1916 ). 
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This product Is formed under conditions very similar to those obtaining 
in the phloroglucinol method and no solubility correction is required. 
Tiarbituric acid, CO — NH — CO — NH — CO — CH-., gave low results 

1_ J 

unless a large excess of reagent was used. Thiobarbituric acid also re- 
acts with methylfurfural and so this substance and furfural would be 
determined together if niethyli^entosans and tx^ntosans were originally 
present. The thiobarbituric acid method is worthy of further study in 
the analysis of woods, since it involves the synthesis of a definite con- 
densation i)roduct which is ])ractically insoluble in HCl. 

Recently Gierisch '''* has completed another critical study of the 
pentosan methoil as a]>plied to wood Tie preceded his (quantitative studies 
by a series of carefully correlated color reactions which gav(‘ strong evi- 
deiu'e that the 12 jier cent IlCl distillate contained aqipreciable amounts 
of hydroxymethyl furfural Tic obtained no qualitative evidence for 
the ]>rcscnce of methylfurfural but states that its nhscncc was never 
satisfactorily jiroved. 'fbe hydroxymethvl furfural comes partly from the 
degradation of “hemicellulose hexosans” and in jxirt (as the distillation 
proceeds) from the decomposition of wood cellulose. Since the phloro- 
glucidc method causes the jirecijutation of hydroxymethyl furfural as well 
as furfural, and since the barbituric acid method fails to precipitate 
more than relatively small amounts of hydroxymethylfurfural. Gierisch 
recommends the latter method in wood analysis. He also points out 
that the preciqntated iihloroghuides, after extraction with alccdiol, do 
not give residues that rejiresent only furfural i>hloroglucide, since an 
a])i>reciable amount of the hydroxymethylfurfural phloroglucide is insolu- 
ble in alcohol under the conditions of extraction Differences between the 
results obtained with the two methods are shown in 'fable XV. Gierisch 
does not .seem to have repeated the work of Dox and TMaisance by 
using the thiobarbituric acid jirocedure. 


TABT.E XV 

FimruRAL Yiki.ds hy the Phloroc.i iH ii)h AM) Barhijitkk AtiD Methods. 
Comparative Data Outained by GiERisrn 


Wood Sample 
Beech 

Spruce 

Spruce 


Per C 

Calculated from the 
Alcohol-Insoluble 
Phloroglucide 
13.70 

5 13 
4% 

4 90 
5.08 


Furfural 

Calculated from the 
Condensation Product 
with Barbituric Acid 
12 53 
11 85 


4 68 
4 85 


Cclluloscchcmtc, 6, 61 (1925). 
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Of the volumetric methods that have been proposed, only two need 
be mentioned briefly. Pervier and Gortner proix)sed a method which 
follows: To the distillate of furfural (containing 0.1 -0.2 gram of 
furfural) 5 cc of a 20 per cent KBr solution are added for every 100 cc 
of solution and the acidity so adjusted that about 4 per cent HCl is 
present. With continual stirring 0.1 N KBrtda is run in from a buret at 
a rate that will avoid a distinct yellow color throughout the solution. 
When the end ixiinl is approached a pale yellow color will be apparent 
immediately after the addition of a few drops of the bromate solution. 
This color soon fades, ddie bromate is then added in 0 25 cc increments 
and a record is kept of the time required for tlie disappearance of free 
bromine. This is done by the use of a simple galvanometer set-uj), and 
a stop-watch.’ ■''' As the end point is crossed a large increase in the 
time required is noted and the oliscrvations are carried somewhat beyond 
this point. The ratios dt/dzf (where dv is the increment of bromate added 
and dt is the increase in time required for its disapix:arance over that 
reipiired liy the jireceding increment) are then jilotted against the total 
volume of bromate solution used and a curve is obtained which jxisscs 
through a maximum at the end jiomt The total number of cc of 0 1 A" 
bromate required to reach the end point X 0 004803 = grams of furfural 
in the (lislillate I’ervier and Gortner’s method is rapid and gives ac- 
curate results for furfural and pentosans. I Jydro.xymethyl furfural in- 
terferes so slightly with the reaction that it may be disregarded. Levulinic 
acid, a decomposition jirodiict of the hexo.ses, is without effeU. Alethyl- 
furfural, however, reacts with the bromate solution and if present gues 
rather high values (107 per cent of the theoretical). These would give 
rise to an apiircciable error in the deterniination of |X‘ntosans which were 
admixed with mcthyliK'iitosans. 'I'o the best of our know’ledge, J^Mwier 
and (iortner’s method has not yet been applied to woods. 

A somewhat different procedure, alsf> involving the use of a bromate 
solution, has been described by Powell and Whittaker.’® The method 
(leiHMids on the interaction of 4 atoms of bromine with 1 iiiolecule of fur- 
fural in liCl. The furfural distillate obtained l)y distilling wood with 12 
per cent 11 Cd is diluted to 500 cc. Twenty-five cc of a standard 0.1 N 
Naflr-Nallrr);, solution are placed in each of four well slopi>ered flasks 
and 2C)0 cc of the furfural distillate are added to each of two of the.se. 
To each of the two others (controls) are added 200 cc of 12 per cent 
HCl. The stoppered flasks are allowed to stand for one hour in the dark. 
Ten cc of 10 ynir cent K1 .solution are then added and the liberated 
iodine is titrated with 0 1 N .sf>dium thiosulfate solution. The number 

Loc. cit. 

“ De.scribed in detail in hid. Eng Chem., 15, 1257 (1923). 

Soc. Chem /nd, 43, 35 T (1924). 
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of cc required "by the sample is subtracted from the number of cc re- 
quired by the blank. This difference X .0024 = the number of grams 
of furfural in 200 cc of the original distillate. Powell and Whittaker 
claim that the method when applied to various pulps and to sawdust 
compares favorably with the gravimetric phloroglucinol method. 

An entirely satisfactory method for the determination of pentosans 
in wood should serve to differentiate sharply between furfural on the 
one hand and methyl- and hydroxymethyl furfural on tlie other. It should 
be specific for the j)enlosans and should not include other aldehyde-yield- 
ing substances in wood. Up to the present no such method has been 
devised. 

The Determination of Mannans 

The most satisfactory method for determining mannans in wood is 
described hy Schorger. It dejx^nds on the hydrolysis of mannans to 
mannose, which is then precipitated as the insoluble ])hcnylhydrazone. 
Recent .studies on the niannan determination hy lleuser and DammeP’ 
have established Schorger’s method. It is ijue.stionable whether this 
method, without some modifications, can lie applied when relatively small 
amounts of mannans are ]>resent in wood (as reported in the ca.se of 
certain hardwoods ) . 

Ten grams of the line material with 150 cc of hydrochloric acid, 
specific gravity 1 025, arc* jilaced in an ICrlenmeyiT llask connected with 
a reflux condenser and boiled for three and one-half hours. The con- 
tents are then filtered into a 500 cc llask, and the sawdust washetl back 
into the hirlenmeyer with about 100 cc of distilled water. The sawdust 
is then dige.sted a .short time over a Ihinsen burner, and again filtered. 
This method of extraction is continued until the total filtrate amounts 
to 500 cc. 'I'he solution is then transferred to an 800 cc beaker, neu- 
tralized with 10 tier cent NaOII, rendered slightly acid with acetic acid, 
and evaixirated on the steam bath overnight to 150 cc. The solution 
is again filtered to remove humus matter, the filter being washed with a 
little cold water. A mixture of 10 cc of phenylhydrazine and 20 cc of 
water, rendered acid with glacial acetic acid, is added to the filtrate con- 
tained in a 200 cc hirlenmeyer The flask (with frc(|uent shaking) is 
allowed to stand 2 hours. The precipitate of mannose phenylhydrazone 
is collected in a weighed alundum or Gooch crucible, washed with cold 
water, then with acetone to remove resinous impurities, dried and weighed. 
The niannan content is calculated from the weight of the mannose phenyl- 
hydrazone by multiplying by the factor 0.6. 

Cellulose chetme , 5, 45 (1924). 
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The Galactan Determination 

The method used in determining the galactans in wood depends upon 
their hydrolysis to galactose and the oxidation of this sugar to mucic 
acid. The procedure which has been severely criticized and modified at 
various times is still quite unreliahle. Schorger made numerous ex- 
jxjriments in the hope of improving the official method but without 
much success, even when isolated galactans were used in the analysis. 

Dore, using Schorger’s modifications, describes the galactan method as 
follows : 

I'ive grams of the material are placed in a 100 cc beaker, and 60 cc 
of nitric acid (specific gravity 1 15) are added. The beaker is placed 
in a water bath and the liquid evajxirated to about 20 cc, care being 
taken not to allow the tcm]x*rature of the water bath to exceed 87° C. 
The mixture is then diluted to about 75 cc with hot water, and filtered. 
The residua] cellulose is washed until the filtrate comes through prac- 
tically colorless. A total volume of alxmt 250 cc is generally thus ob- 
tained. The filtrate and washings are evapr)rate(l on the water bath at 
87° C. to a volume of about 10 cc. The residue is set aside for .sev- 
eral days to allow the mucic acid to .separate out. Large crystals (pos- 
sibly oxalic acid) always form at first, then a day or two later fine 
flakes of mucic acid .sejxiratc. At this ix)int the mixture is stirred vigor- 
ously to facilitate the precipitation. About 24 hours after the mucic acid 
api>ears the mixture is diluted with 20 cc of cold water. The larger 
crystals redis.solve, leaving the mucic acid unaffected. After a further 
24 hours’ standing the mucic acid is filtered oflf on a tared a.sbestos Gooch 
crucible and washed with about 50 cc of water, 60 cc of alcohol, and 
several times with ether. It is then dried at 100° for 3 hours and weighed 
Galactan is calculated by multiplying the weight of the residue by the 
factor 1.2. 

Dore points out that a critical study of the determination of galactan 
would be welcomed. While the method gives reasonably good results 
with pure galactose, it gives low and fluctuating results with galactans 
and results which, when applied to wood, are entirely unsatisfactory. 
With isolated galactan, Schorger was able to recover 28-65 per cent of 
the original material as mucic acid. Dore rcpt)rts that by the use of the 
method a .sample of redwood yielded 0.40 per cent and 0.47 per cent 
galactans (in duplicate determinations). An individual sample of >cllow 
pine yielded 0.96 i:>cr cent, 0.66 per cent, 0.43 per cent and 0.80 per cent 
galactans. Apparently the method gives minimal values, which furnish 

“Dore, /. Ind. Eng. Chem , 7, 721 (1915) ; ibid, 12, 476 (1920) ; Schorger, ibid.. 
8,494 (1916). 

“Bur. Chemistry, U S Dept. Agric Bull 107, p. 55. 
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the analyst with little more than a rough idea of the approximate galactan 
content of the wood. 

Hemicellulose Determinations 

The inherent difficulties in determining hemicelluloses in wood must 
be apparent from the discussion in Chapter 2, Part 111, of this monograph. 
One of the most elaborate attempts to separate hemicelluloses quantita- 
tively from “ortho” cellulose was made by Konig and Hecker ““ but it is 
obvious that their method of analysis is jnirely arbitrary Finely divided 
wood samples were treated witll 0.4 per cent ILSO^ under pressure. The 
temperature of the autoclave and the i)criod of treatment varied with 
each sjxicies of wood examined, since it soon became evident that the 
rate of hydrolysis tif the hemicelluloses varied in different wood samples. 

In the case of hardwoods, 4-gram .samples were hydrolyzed in auto- 
claves with 200 cc of 0.4 per cent 110804 , the time jx^riods and pres- 
sures varying with each sample. 'I'lie undissolvetl residue was filtered 
off and washed Its ix'iito.san content was then determined. The filtrate 
and washings were neutralized with CaCOj, evaporated and made up 
to a definite volume (2CX) cc). This solution was again filtered and aliquot 
portions taken for analysis. The total reducing .sugar was determined 
by Meissel-Allihn’s method in 20 cc of this filtrate. Another 100 cc 
portion was subjected to fermentation under standardized conditions at 
30° C. after addition (tf Raulin's nutrient solution, ["inally a separate 
1-gram sanii)le of wood was autoclaved with 100 cc of 0.4 per cent 
H 2 SO 4 and the residue filtered off on a (iotich crucible washed, dried 
and weighed. A pentosan determination was made on the filtrate. 

In the case of coniferous woods, three 4-gram .samples were 
autoclaved with 200 cc of 0 4 jxt cent IPSO4. Konig and I)ecker used 
a pressure of 2 5 atmospheres in the case of pine. The undissolved 
residues were filtered off and the total sugar, fermentable sugar, and 
soluble pentoses determined in the filtrates Residual iiento.sans were 
determined in onr residue after the autoclaving. The other two residues 
were again autoclaved with 200 cc of 0.4 jjer cent IP-SD,. Again the 
residues were filtered off, the sugar determinations made on the filtrates 
and the pentosans determined in one of the two insoluble residues. The 
remaining residue was then re.suhjectcd to the same treatment and similar 
determinations made on the filtrate and final residue. While the fir.st 
treatment removed most of the hydrolyzable hexosans and pentosans, 
Konig and liecker’s figures .show that the hydrolysis is not clean-cut 
but that the residue and insolulde jxnto.san content diminishes and the 

angexv. Chetn., 32, 115 ( 1919 ); Papierfabrikant. 17 , 982 - 7 . 1014 - 19 , 1171-4 

( 1919 ). 
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soluble hexosan and soluble pentosan contents of filtrates increase with 
successive hydrolyses. 

To calculate the “hemicelluloses’* (i.e., hydrolyzable hcxosans and 
hydrolyzable pentosans) after such a determination, the total ferment- 
able sugar of the filtrate is calculated as hexosans by multiplying by the 
factor 0.9. The pentosan content of the insoluble residue is then sub- 
tracted from the total pentosan content of the original wood. This gives a 
truer index of the soluble pentosans than does a direct determination in 
the filtrate due to inevitable losses of furfural in the acid solution. The 
‘^um of the total (non-ceilulosic) hexosans and of the soluble pentosans 
equals the “hemicellulose content” of the wood.^' 

“P'urther discussion of hemicellnloscs and methods for their determination is 
beyond the pn)vincc (^f this book Tlic reader is referred to the following bibli- 
ography: Schulze, Her. 24, 2277 (1801), 22, 1192 (1889); 23, 2579 (1890); 

Chem. 19, 1465 (1895); Lamhv Jahrh . 21, 72 (1892); 23. 1 (1894); Zeits. 
physiol. Chem, 16, 387 (1892); 19. 38 (1894); 61. 307 (1909); V. Graefe in 
Aliderhalden’s “Biochem. Handl Vol 2. 42-60 (1911); Vol. 8, 6-15 (1914); 
Tzapek, “Ihochcmie der Pflanzeii,” Vol I. 647, 654 (1913) . Tottingham, et al J. Hial- 
('hem , 45 , 407 (1921); Ind. Eng Chem., 16, 139 (1924); Spoehr, Publications 
Carnegie Inst., Washington, No. 287. p 79; Dore and Miller, IJniv California Pub- 
lications in Zoology, 22, No. 7, 389 (1923). 



Chapter 5 

The Determination of Lignin 

As in the case of other pi*oxiniate analytical procedures applied to 
wood, methods for the determination of lignin are quite arbitrary. Direct 
and indirect methods have been devised and besides these we have' methods 
for the determination of certain substituent groups that are i)resent in 
lignin.^ None of these procedures is entirely satisfactory but they are 
all that we can expect after reviewing the present status of the chemistry 
of lignin. 

Direct Methods Used in Determining Lignin 

All direct methods for the determination of lignin deixmd ujxm its 
isolation from wood by means of an inorganic acid that will effect the 
solution of cellulose and other [lolysaccharidcs with the minimum attack 
on the residual lignin. 

Probably the oldest and most commonly used method is due to Klason ^ 
although recent text books ascribe the procedure to Ost and Wilkening 
and to Kbnig.'* Finely divided wood was treated with 70 jkt cent 
HnS 04 at room temperature. The ixilysaccharides of wood dissolved 
to form a water-clear solution while the lignin remained insoluble. In 
applying the H..S ()4 method, Konig and his co-workers used 11 jier cent 
acid and made their determination on wood that had been extracted with 
alcohol-benzol mixtures, followed by washing with alcoliol and liot water. 
Dried 2-gram samples were thoroughly incoriKirated into 50 cc of 72 
per cent IlaSO^ and the mixture was allowed to stand for about 48 hours. 
Five hundred cc of water were then added, the mixture brought to the 
boiling point and allowed to cool and to settle. The su])ernatant liquid 
was then decanted through a Gooch crucible and the lignin sediment filtered 
after being thoroughly wa.shed by decantation. The filtrates no longer 
resixmded to the test for sulfates. The crucible and the hgum precipi- 
tate were dried at 105°, after which the lignin was ashed. The ash-free 
lignin content was then computed. 

* A translation by C J. West of a detailed resume of the methods used in the 
determination of lignin by Fmil tfeuser is given in Paper, 2J (Feb 9, 1921), p. 24. 

““Bericht dor Vercins dcr Papier u Zellstoffchemiker’' (1908), pp. 52-3 

* Schwalbe-Sieber, "Chemisehe Betriehskontrolle in der ZellstofT Industrie,” 110; 
Cross and Bevan, “Researches on Cellulose,” 3, 39 (1905-10). 
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The above procedure in very slightly modified form was used by 
Mahood and Cable.* They allowed the 72 per cent H 2 SO 4 to act upon 
the sample for only 16 hours and then diluted the mixture to a con- 
centration of 3 per cent acid. Thereupon, the solution was boiled under 
reflux for 2 hours and filtered on a tared alundum crucible. The method 
gave somewhat lower results than when this final heating was entirely 
omitted, but the yields of lignin were so consistent and reproducible that 
the procedure was adopted. 

Quite recently, Klason modified his former procedure by recommend- 
ing the use of 64 per cent H 2 SO 4 in the. isolation of lignin from wood. 
After standing for several days in a stopjjered cylinder (with or with- 
out agitation of the mixture) the H 2 SO 4 is diluted with water and the 
lignin is filtered and washed until the filtrate is but faintly acid. The 
lignin precipitate is then washed with 50 cc of hot alcohol to remove rosin 
and fats. Five cc of 0.1 N KOH are then added to the preeijntate and 
the washing with water is continued until the solution is no longer 
alkaline. The lignin preeijntate is then dried at 105‘^ C. and subsequently 
ashed. The ash (which contains some K 2 vS() 4 ) is subtracted from the 
crude lignin content. 

Klason and others have shown that lignin isolated with IF.SOt 
always retains appreciable amounts of the acid. In fact the jier cent of 
acid retained apjx’ars to increase with increasing concentrations of fFSO, 
used in the lignin determination They have also shown that the acetyl 
groups which nuiny chemists associate with the lignin ° are split off by 
this treatment and that a part of the methoxyl content is also lost. We 
have here some partly comixnsatiiig losses and gains in the detemiination 
Besides these, some investigators believe that a ]>ortion of the extractives 
removed by certain non-aqueous solvents rightly belong with the lignin, 
von Euler ^ has attenijited to apply certain corrections to the lignin 
determination (when 72 per cent is used) and to arrive at rational 

lignin values in the case of coniferous woods. To correct for acetic 
acid s]>lit off from the lignin, the jxr cent crude lignin must be increased 
by 2 per cent. A further empirical correction of --5.7 per cent is made 
to account for the H 2 S ()4 which cannot be renifived fron\ isolated lignin 
by washing, d'o the resulting figure is added the per cent of alcoholic 
extra'ctives (found after the wood has been extracted preliminarily with 
benzene) and this corrected value is termed the “true'’ or “rational’' 
jxrcentage of lignin. The following is an example of von hauler’s pro- 
cedure An analysis of Norway spruce yielded 3.53 jicr cent of alcohol 

V. fnd. Enq. Chem . 14, 933 (1922) 

^ Cellulose chemic, 4, 82 (1923). 

•Cf. Chapter 3, Part II 
' Cellulose chemie, 4, 1 (1923). 
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soluble resins (a). The crude lignin {h) isolated by 72 per cent H2SO4 
was shown to be 30.5 per cent. Then the rational per cent lignin would 
be : 

[(^0 “1“ (^)] + 2 i^er cent — 5.7 i>er cent = 30.3 per cent 
{acetic {adsorbed 
acid H-^SOi 

correction) correction) 

It should be noted that the corrections very nearly nullify each other 
and that the new value is very b'ttle different from the nncorrected value. 
In fact, von luiler’s analytical data, in which she has applied these correc- 
tions, arc little different from those of Klason. 

Other corrections for the conversion of the lignin isolated by II2SO4 
into “true lignin” values have been pro^wsed ** but we do not propose 
to discuss them. 'J'he chemisti*y of lignin is as yet too in.secure to war- 
rant s]X?culative excursions into the realm of “pure lignin.” 

The use of fuming llCl (d 1.21) m jilace of 1J2SO, in the isolation 
of lignin was proposed by Willstatter and Zechmeister ® and this method 
has been adopted in the quantitative determination of lignin in a num- 
lier of recent analytical investigations Krull has used the following 
procedure. One gram of wood meal that had been previously extracted 
with an alcohol-benzene mixture is transferred to a large, thick-walled 
test tube by means of 6 cc of water. The test tube is immersed in an 
ice bath and gaseous HCl is conducted into the suspension until there 
is no further cliange in the thin liquid which is then allowed to stand 
for 24 hours. At the end of this j^criod a microscopic examination should 
show that no cellular structure is retained. The mixture is then diluted 
with water, filtered, and the lignin precipitate washed with hot water, 
dried, weighed and then ignited. 

Dore " modified this procedure by moistening the extracted wood 
with 10 cc of concentrated (not fuming) IICl in a lx 10 inch test tube 
(provided with rubber stopi>ers, inlet and outlet tubes) and by treating 
the mixture with hydrochloric acid gas for 2 hours. Excessive heat 
was thus avoided and water cooling replaced the ice bath suggested by 
Krull. The ftbe was then left closed for 24 hours and the contents 
were later diluted, filtered on a (looch crucible and washed. The residue 
w^as dried at lOO*^ C. for 16 hours and then w'cighed in a glass stoppered 
weighing bottle. 

In place of the highly concentrated HCl, a dilute acid solution may 
be used to saccharify the jyily.saccharides of wood, provided higher pres- 

"von Fellenberg, C. A , 11 , 2122; Doie, /. Ind Eng. Chetfi , 11, 556 (1919). 

*Ber, 46, 4201 (1913). 

“Dissertation, Danzig (1916), “Versuche uber Verzuckerung der Zellulose.” 

”/. Ind. Eng. Chem '., 12, 984 (1920). 
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sures may be resorted to. Konig and Rump heat wood with 1-2 per 
cent HCl under 6 atmospheres pressure to remove polysaccharides, in 
determining the percentage lignin. Konig and Becker have made a 
comparative study of different acid methods used in the analysis of 
lignin. Their results arc rejjroduced in Table XVI. The data show 
that there is a surprisingly good agreement between the results obtained 
by the various methods. Only in the case of the analysis of birch and 
ash arc the results obtained by the H 2 SO 4 method markedly lowered. 


TABLE XVI 

Pewentage of Lk.nin Obtained bv Differeni Mf;thods of Isolation 
(Konig and Beiker) 



Wood U.sed 

Heating Under 
]*ressure with 

1 Per Cent 
HCl 

Gaseous 

HCl 

72 Per Cent 

H,S()4 

IICl 
d. 121 

1. 

Pir 

. . 29 94 

28 81 

29.36 

29.17 

2. 

Fir ... 

. 28 91 

28 10 

28.04 

27.98 

3. 

Pine 

. 29 52 

29 56 

31.33 

29.16 

4. 

Birch 

2.1 54 

22.55 

20 96 

23.27 

5. 

Birch 

. . 27 28 

26.36 

26 75 

26 38 

6. 

Poplar 

22 14 

22 36 

22 06 

22.45 

7. 

PopJai . . 

21 00 

21 06 

21 91 

20 75 

8. 

I’ecch . 

22 07 

22 90 

23.99 

22 69 

9, 

Ash 

26 71 

25 90 

19 59 

26 01 

10. 

Willow 

25 06 

25.97 

24 54 

24.70 

11. 

Alder . . . 

. 25 95 

2.3 04 

23 05 

24.57 


Various modifications of the acid methods for lignin isolation have been 
suggested.’^ One of the most recent ones is that of 11. Schwalbe/® 
who moistens extracted wood with llC'l {d 107) and then treats the 
mixture with 72 per cent ll^St )i. Gelatinization of the wood, which is 
an objcctionahle feature of the analysis, is prevented (Jn the other 
hand, Schwalbe’s results are so much lower than those obtained by the 
older methods that his procedure must he closely scrutinized before it can 
be accepted. 

Indirect Methods Used in Determining Lignin 

'Phese methods dcixmd, either on ( 1 ) the determination of the non- 
lignin comixnients of the wood with subsc*(|nent calculation of lignin “by 
difference,” or ( 2 ) on the determination of fission products or proximate 
groups of the lignin. 
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Detailed reference has been made to the isolation of skeletal sub- 
stances of wood by the CIO 2 — Na^SOg method of Schmidt and his 
co-workers.'® Since his reagents do not attack isolated cellulose, man- 
nans, xylans, or the common sugars, Schmidt advances the viewpoint 
that any materials of the nature of polysaccharides that are removed 
by the CIO 2 treatment must be classed with lignin. These findings have 
been vigorously disputed.” Here again we come face to face with the 
difficult, seemingly insoluble, problem of determining whether certain car- 
bohydrates belong proi^erly with cellulose or with lignin or whether they 
form a separate group of conijVBiients in wood. 

If we should concede that only the encrusting materials are attacked 
by the CIO^ procedure, then the lignin content of wood could be deter- 
mined by simply subtracting the i)er cent of “skeletal substances” from 
100. When this is done, however, “lignin” yields ranging from 37-46 per 
cent are obtained and these yields are much higher than those found by 
the use of any direct method for the determination of lignin. Heuser 
and Merlau have shown that if due correction is made for the per cent 
carbohydrates that are leached out (and reckoned with the “lignin”) 
when Schmidt’s method is employed, lignin figures are obtained that are 
consistent with those found by other methods For example, by Schmidt’s 
method a spruce wood yielded 62 7 jier cent “skeletal .substances.” Ihis 
would indicate a lignin content of 37.3 per cent. However, the carbo- 
hydrates (“hemicclluloses”) lost during the Schmidt treatment totalled 
7.3 per cent. If these are taken into account, the corrected lignin figure 
is lowered to 30 per cent which is quite comparable with other spruce 
lignin data. 

The Methoxyl Determination 

Since methoxy (CHg — O — ) groups are always associated with lignin, 
the determination of methoxyl in wood has received a good deal of atten- 
tion. In fact, attempts have been made (without marked .success) to 
use the methoxyl content of wood in calculating the iiercentage lignin. 

When comiX)unds containing the methoxyl group are treated with 
hydriodic aci^, the methyl group is removed as methyl iodide : 

R__0 — CIH + HI ^ CHal-f R — O — H 

When the volatile alkyl iodide is i)asscd into alcoholic silver nitrate solu- 
tion it is decomposed quantitatively into silver iodide which may be de-' 
termined by the usual methods. The method is due to Zeisel and was 
applied by Benedict and Bamberger to the determination of methoxyl 
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groups in plant tissues.^® Numerous pieces of apparatus have been de- 
vised for carrying out the methoxyl determination and numerous modifi- 
cations in the original method have been suggested. These are discussed 
comprehensively by Hans Meyer. The ground-in glass equipment de- 
signed by Stritar is recommended and described by Schwalbe and Sieber.^^ 
Dore has used the following simplified procedure which has given him 
consistent results in the analysis of woods. "I'he decomposition flask to 
which the sample was added was a small distillation flask (of 130 cc 
cai^icity) having its side arm connected with a COo generator. In the 
mouth of the flask was placed a perforji/ed cork with a delivery tube 
which ran vertically upwards for 50 cm and acted in part as a reflux 
condenser and fractionating column, 'fhe delivery tube was then bent 
twice at right angles and descending was joined at its lower extremity 
with two U-tul)es, themselves connected in scries. The first of these 
U-tubes contained distilled water and a few milligrams of red phosphorus. 
The second contained only distilled water. The U-tubes were so arranged 
that they could be placed in a lieaker of water that could be heated 
with a bunsen bunier. ITom the second U-tube a delivery tube ran to 
the absor])tion ap])aratus which consisted of an ICrlenmeyer flask and a 
Fresenius nitrogen bulb. The arrangement is shown in the accom- 
panying sketch (from which the heating lialli and U( ).. generator are 
omitted). 

In the first and second absorption flasks were placed 35 and 15 cc, 
respectively, of freshly filtered alcoholic silver nitrate solution. (The 
solution was prepared by dissolving 10 grams of solid silver nitrate in 
25 cc of water and adding 225 cc of 95 per cent alcohol. ) 0.3 gram of 

material was placed in the decomixisition flask and 15 cc of hydriodic 
acid (1.70 specific gravity) were added. The mixture was heated to 
130" C. in a i>araffin bath and the temjjerature maintained at 130° to 
140" C., while a slow .stream of carbon dioxide was passed through the 
a])])aratus. The beaker of water surrounding the U-tubes was kept at 
a temixirature of 50° to 60° C’. throughout the process. The operation 
was continued until the precijfitated silver iodide in the absorption ap- 
paratus settled out, leaving a clear sui)ernatant liquid, indicating the com- 
pletion of the reaction. 

The' apparatus was then disconnected and the contents of the absorp- 
tion flasks rinsed into a f)(X) cc beaker. Jsnflicient water to bring the 
volume to about 500 cc was added and the whole evaixirated on the 

'*Monatsh., 15, 509 (1894). 

“Analyse u Kunslitutions-erniittliing oigdiiisclier Verbindungen,” 1916, pp 
739-751. 

" “Betriebskontrollc,” 2nd edition, p. 103. 

”7. hid. Eng. Chan, 12, 472 (1920). 
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steam bath to a volume of 150 to 200 cc in order to exj^el the alcohol. 
A few drops of nitric acid were added, the solution again diluted to 
about 500 cc and allowed to stand on the steam bath for about one- 
half hour, thus allowing the silver iodide to settle. The precipitate was 
then collected in a tared asbestos ( looch crucible, washed, dried at 130° C. 
for 2 hours and weighed. CllaO was calculated from the weight of 
silver iodide by multiplying by the factor 0.132. 



Schorger has suggested that if many methoxyl determinations are 
to be made, a definite volume of standardized 0.1 N alcoholic AgNOa 
may be used in the absorjition ajijiaratus. After the Agl has been filtered 
off the remaining AgNO-, may be titrated with standard KCNS solu- 
tion, using ferric alum as indicator. One cc of 0.1 N AgNOg = 0.0031 
gram CH.i( ). The particular tyjie of Zeisel apparatus used by 
the U. S. Forest Products Laboratory for the determination of the 

Ind. Eng. Chem , 9, 556 (1917). 

'*lbid., 9, 465 (1917). 
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methoxyl group has been briefly described by Pieper, Acree, and 
Humphrey.** It is illustrated in Figure 9. The connections are all made 
by means of ground-in glass joints and special absorption flasks are used. 
Rubber and cork stoppers are thus obviated. 

Analytical investigations have indicated that the methoxyl contents of 
hardwoods is usually higher than that of softwoods. Ritter has shown, 
however, that when lignin is isolated from wood by means of an acid, 
a larger proportion of the total methoxyl is recovered in the lignin of 
softwoods than in hardwood lignin. Ritter’s results arc given in Table 





Fig 9 — Zcisel Apparatus for Determining CHaO Group. 


XVII. Not only do they show certain analytical differences between the 
lignins but they indicate clearly that we cannot multiply the methoxyl 
content by one definite factor and thus calculate the lignin content of 
any wood. Silch factors (if they could be used) for softwoods would 
often Tange from 5 to 6, while in the hardwoods they would seldom 
exceed 4. We have no cxjxirimental evidence that all lignins contain 
identical amounts of methoxyl. On the other hand, Ritter has shown 
quite recently that even in the same wood the lignin of the middle lamella 
contains a much higher projxirtion of the methoxyl groups than does the 
lignin found in the remainder of the cell wall. 


”Ind. Eng. Chem , 15, 1264 (1923). 
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TABLE XVII 

Relation of Methoxvl and Lignin in Woods (as Refukted by Ritteh) 

Per Cent 
CHaO Not 

Per Cent Recovered 

CHjO Per Cent in Isolated 



Per Cent 

Per Cent 

X 100 

CILO in 

Lignin 


Lignin 

CILO 

Per Cent 

Isolated (Column 3 — 


in Wood 

in Wood 

Lignin 

Lignin 

Column 4) 

Species 

(1) 

(2) 

(3) 

(4) 

(5) 

Western yellow pine 

26 75. 

4.45 

16 64 

13.13 

3 51 

Western white pine ... 

24 30 

4 47 

18 40 

15 10 

3.30 

Incense cedar 

37 68 

609 

16 16 

1451 

165 

Mesquite 

30 77 

5 49 

17.84 

14 05 

3.79 

Tan oak 

24 68 

5 70 

22 06 

16 99 

5 07 

Eucalyptus 

26.74 

6 56 

24 53 

15 01 

9 52 

Yellow poplar (sap wood) 

23 86 

5 89 

24 69 

17 00 

7 69 

Yellow poplar (heartwood) 

23 69 

6 03 

25 45 

20 22 

5.23 

Pignut hickory (heartwood) 

22 85 

5 79 

25.34 

18 43 

6 91 


The Chlorine Number 

Atteni[)ts have been made to gauge the degree of lignification by de- 
termining the weight of chlorine tliat will lie taken up by a definite 
weight of wood, 'fhis method was devised by Waentig and his co- 
workers.'-’'* In a siiecially devised ap])aratus, provided with a C'aC'lg 
tube to jirevent loss of water, moist wood is treated with a stream of 
dry chlorine until no further increase in weight is noted.. The excess 
of chlorine is then leplaced by dry air. The weiglit of chlorine taken 
up divided by the weight of dry, resin-frec wood is termed the chlorine 
number. Thi.s number multiplied by 0.71 gives approximately the ix;r 
cent of lignin in the wood. 

Other Indirect Methods for Determining Lignin 

A number of other methods for indirectly judging the approximate 
amount of lignin in wood or wood pulps have been suggested. All of 
them leave much to be desired and a discussion of these methods lies 
beyond our province Among tbein are the phloroglucinol absorption 
method of Cross, licvan, and linggs,*^' and the nitric acid reduction 
method of Seidel. If we assume that all the acetic acid freed from 
wood by the action of dilute 1 ] 2 S( is due to acetyl groujis in lignin 
(a very hazardous assumjition), we might include among the indirect 
methods for estimating lignin the “acid hydrolysis” devised by Schorger. 
This method has been de.scribed in a ])revious chapter (Miscellaneous 
Determinations) where it more Icjgically belongs. 

"Z. anqew. Chem , 32, No 44, 173 (1919). 

*'Ber.,'A0, 3119 (1907). 

■ Dissertation, Dresden, 1907. 
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It would appear that until chemists, plant physiologists, and wood 
technologists can concur on what the term lignin should include, ana- 
lytical procedures for lignin must remain as empirical and as arbitrary 
as we find them today, and before this harmony can be established, a 
number of problems remain to be solved. Physical and organic chem- 
ists must find new means of attacking these iiroblems of lignification 
before the analytical chemist can make much progress. Is lignin aro- 
matic (Klason) or hydroaroniatic (Strupp) ? Should it be classed with 
the i)olysaccharides (Schmidt, Willstatter, Pringsheim) ? Do all these 
classes figure in its composition ? Is it composed largely of a few homoge- 
neous substances or is it the sum total of all non-cellulosic substances 
(Wisliceniis) ^ Is there one class of substances common to the lignin of 
all woods (Powell, Whittaker)? Do the pentosans belong in part with 
lignin or are they present in the nature of impurities? Do the acetyl 
groups belong properly with lignin? All these questions and many more 
are in disjiute and their answers must antedate further analytical progress. 
Meanwhile, it is well to understand the imiiossibility of determining 
quantitatively something which we cannot clearly define in fundamental 
terms. While definitions based on proximate analytical i)roccdurcs may 
prove extremely u.seful, they arc always in danger of becoming fixed and 
inelastic and of obstructing future jirogressive re.search. 



Chapter 6 

Analytical Data and Their Significance 

The Practical Value of Wood Analyses 

Ihe limitations of various methods of analysis used in the examina- 
tion of wood have heen stressed in i)revious chapters Their scientific and 
practical value deserves brief discussion at this jHiint. 

Not infrequently complete chemical analyses of wood are asked for 
when some simple ])ractical test, or one or two si^vific determinations, 
would yield all the information required Comj>lele wood analyses sel- 
dom give specific information regarding the physical utilization of any 
wood. I'lieir greatest merit lies m the fact that they yield comparative 
data (provided a standardized procedure has been used) that can he used 
statistically or in the interpretation of hiologital phenomena. 

In this way they have furnished valuable information on the gradual 
destruction of certain wood comixments and the actumulation of others 
during wood decay They have also indicated the changes wrought in 
wood after passage through the intestinal tract of the marine Ixircr 
(toredo). Comparative analyses of wood hefoie and after attack of 
termites (white ants) have also heen made.' The analysis of wood de- 
stroyed by various insects would prohalily furnish valuable data to the 
entomologist. Similarly comparative wood analyses may prove of future 
benefit to the ecologist and the silviculturist Many of these liaisons be- 
tween the forest chemist and other branches of science are still in embryo 
or entirely untried. 

Wood analyses have also i>ermitted certain conclusions regarding the 
gradual conversion of wood into loal and have thrown a new light on 
the mechanism of coal formation. To give a concrete instance - a brown 
lignite (the Jaixinese '‘umorc(ji”) derived from a species of sequoia was 
examined by Komatsu and IJeda.- They found that the change from 
wood to umorcgi had caused the loss of 20 per cent of the cellulose and 
an accumulation of lignin of about 25 per cent Their results were based 
on the comparative analytical data obtained with a native redwood. Such 
analytical data, coupled with purely organic chemical studies on lignin, 

‘Cf. Chapter 2. Part V. 

*Mem. Col. Sci Kyoto, Imp Univ A .7,7 (1923) 
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have led one group of chemists at least to conclude that coal finds its 
precursor in the lignin, rather than in the cellulose of woody tissue. 

Specific analytical determinations may also have a certain value. The 
Cross and Bevan cellulose determination shows the maximum amount 
of insoluble delignified material that could conceivably be obtained in 
any well conducted chemical pulping ojx^ration.® We hasten to add, how- 
ever, that the amounts of pulp actually obtained in any such cook would 
(probably) never reach the limiting value set by Cross and Bevan’s method 
and that purely analytical data can never be used in lieu of an exj)eriniental 
cook in judging the value of the raw material used for pulp making. 

The determination of the resistant a-cellulose in pulp may have prac- 
tical importance in determining the value of such material in the manu- 
facture of rayon (artificial silks), hydrated cellulose films (like cello- 
phane), or in any jdant oi^eration in which chemical wood pulp is treated 
with alkali. 

The extraneous components of wood are often of such great commercial 
interest that the determination of extractives becomes an important mat- 
ter. A wood high m cther-»soluble matter usually contains large amounts 
of resin (e.g., the lightwood of Southern i)ine). A large i)ercentage of 
water-soluble material might give a clue or indication of a high per- 
centage of tannins, coloring matter (or its precursors) or even of valu- 
able water soluble carbohydrates (c.g., the galaclans of Western larch). 
The determination of water-soluble or alkali-soluble extractives may 
also be of decided value in determining whether or not a wood should 
be used in the manufacture of various tyj^cs of storage tanks. The 
identification and determination of volatile oils in certain oleorcsins would 
jirobably orientate the entomologist in studying the attraction of certain 
trees for certain insects and the immunity of some woods to insect attack. 

The determination of the methoxyl content of wood is also of some 
intere.st to the wood distiller. Here, however, a direct correlation of 
the methoxyl content with the amount of methanol obtained in wood dis- 
tillation is hardly ixissible. The methoxyl content gives the wo<xl dis- 
tillation industry a mark at which to shoot, but which is never reached 
in practice.* 

It should be borne in mind that special analyses may be devised (in 
place of tedious systematic schemes of analysis) to answer six‘cific prac- 
tical questions put to the chemist. As an example, a determination of 
the intensity of acidity of water extj-acts of different woods that are 
used out of doors and which make contact with metal fittings or which 
are placed near metal gutters might serve in determining which woods 
cause the least corrosion. 

* Cf. Chapter 4, Part IV. 

* Cf. Chapter 2, Part IV. 
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Earlier Analytical Data 

Data compiled by earlier wood analysts need not be reproduced. 
Schwalbe ® cites the work of Franz Schulze and Lange, who determined 
cellulose in several woods by means of the chlorate method.® The 
average cellulose content was about 50 per cent of the dry weight of the 
wood. Hugo Muller’ used the bromine-water method for determining 
cellulose. His results are given in Table XVI II. These form a summa- 
tive analysis of wood, in which the '‘encrusting substances” include all 
the non-cellulose material not included under water extractives and resins, 
and which are, therefore, not tomi)arable with the usual lignin deter- 
minations. Dean and Tower, applying the Cross and Bevan cellulose 
method to wood, obtained results which averaged about 53 j^er cent." 
Other chemists, however, have rejxirted much higher cellulose contents, 
often exceeding 60 per cent. 


TABLE XVIII 

Analysis of \Vo(>r)S iiv IIogo Moliek (Bromine METHon for Ceixulose) 
(Rc'sulls given on air dried samples) 


Wood 


Birch 

Beech 

Boxwood 

Ebony 

Oak 

Alder 

Guaiac 

Basswood 

Chestnut 

Pine 

Mkhogany 

Poplar 

Fir 

Teak 

Willow 


Per Cent 



Water- 



Per Cent 

Per Cent 

Soluble 

Per Cent 

Per Cent 

Encrusting 

lliC) 

Material 

Resin 

Cellulose 

Substances 

12 48 

2 65 

1.14 

55 52 

28.21 

12 57 

2.41 

0 41 

45 47 

3914 

12 90 

2 63 

0 63 

4814 

35.70 

9.40 

9.99 

2 54 

29.99 

48.08 

13 12 

12 20 

091 

39.47 

34.30 

10 70 

248 

0 87 

54.62 

31.33 

10 88 

6.06 

15 63 

32 22 

35.21 

10.10 

3 56 

3 93 

53 09 

29.32 

12 03 

5 41 

1.10 

52 64 

28 82 

12 87 

4 05 

163 

53 27 

28.18 

12 39 

9 91 

1.02 

49 07 

27 61 

12 10 

2 88 

1.37 

62 77 

20.88 

13 87 

126 

0.97 

56-99 

26.91 

11.05 

3 93 

3 74 

43 12 

38.16 

11.66 

2 65 

123 

55.72 

28.74 


Proximate Analyses Data Obtained on Hardwoods and Softwoods 

Table XIX gives a re.sumc of proximate analyses of American woods 
carried out at the Poorest Products Laboratory between 1917-1922. It 
will be noted that in general, the sum of the lignin, cellulose and alkali- 
soluble fractions accounts for the greater part of the dry wood (96-105 
per cent of the total weight). 


““Chemie dcr Cellulose, p. 440. ,,oonA 
* Zeits. physiol. Chem., 14, 15 and 283 (1889). 
’ “Pflanzenfaser,” p 150, cited by Schwalbe. 
•/. Am. Chem. Soc,7^, 1119 (1907). 
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TABLE 

Proximate Analyses oh Woods (Mean Values 
(Results in percentage of 


Species Ash 

Western yellow pine (Pinus 

ponderosa) 0 46 

Yellow cedar {Chamacyparis 

nootkatcnsis) 0 43 

Incense cedar (Liboccdrus de- 

currens) 034 

Redwood (heartwood) (Sequoia 

sempcrvirens) 0 21 

Western wlnte pine (Pinus 

monticnla) . 0 20 

Longleaf pine (Pinus palus- 

tris) 0 37 

Douglas fir (Pscudotsuqa laxi- 

folta) ■ . 0 38 

Western larch (Larix occiden- 

talis) 0 23 

White spruce (Picea canaden- 
sis) .0 31 

Tanbark oak (Querrus dcnsi- 

ilora ) 0 83 

Mesquite (Prosopts juUflora). 0 54 
Balsa (Ochroma lagopus) . 2 12 

Hickory (shellbark) (Ilicoria 

ovatit ) . . , 0 69 

Eucalyptus (Lucalyplus globu- 
lus) ■ . . . . 0 24 

Basswood ( Tilia amertcana ) 0 86 

Yellow birch (Pctula lutea) 0 52 
Sugar maple (Acer sacciMruin) 0 44 


Cold 

Water 

— Solub 

Hot 

Water 

ility in — 

Ether 

1 Per 
C'ent 
NaOH 

Acetic 

Acid 

4 09 

5 05 

8 52 

20 30 

1.09 

2.47 

3.11 

2.55 

13 41 

159 

3 64 

5.38 

4 31 

17.69 

091 

7 36 

9 86 

1.07 

20 00 

108 

3 16 

4 49 

4 26 

14 78 

103 

6 20 

7.15 

6 32 

22 36 

0 76 

3 54 

6 50 

102 

1611 

104 

10 61 

12 59 

0 81 

22 14 

0 71 

1 12 

2 14 

1.36 

11.57 

1.59 

4 10 

560 

0.80 

23 96 

5 23 

12 62 

15.09 

2 30 

28 52 

2 03 

177 

2.79 

123 

20 37 

5 80 

4 78 

5 57 

0 63 

19 04 

251 

4 67 

6 98 

0 56 

18 57 

185 

2 12 

4 07 

1 96 

23 76 

5 79 

2 67 

3.97 

0 60 

19 85 

4 30 

2 65 

4 36 

0 25 

17 64 

4 46 


Usually hardwoods g;ive a liighci yield of volatile acid on hydrolysis 
than do the softwoods and the jientosan content of hardwoods is roughly 
twice that of the conifers. While softwoods in general show a higher 
niethylpentosan content than do the hardwoods, the determination is of 
such questionable value that general conclusions are unwarranted The 
methoxyl content of softwoods is appreciably lower than that of hard- 
woods. 

The Cross and Ik'van celluloses isolated from hotli soft- and hardwoods 
retain between 40 and 65 per cent jof the furfural-yielding substances 
of the original wood The hardwood “cellulose fraction” usually retains 
somewhat more of the pentosans originally inesent in the wood than do 
cellulose fractions isolated from the softwoods. This means that Cross 
and Be van hardwood cellulose often retains two and one-half times as 
much pentosans as the Cross and Bevan cellulose obtained from conifers 
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XIX 

Obtained by the U. S. Forest Products Laboratory) 
oven-dry (105” C ) samples) 

In Cellulose 


Meth- 

Pento- 

Methyl 

I)ento- 

Fcllu- 

Lig- 

Pento- 

Methyl 

pento- 

a- 

Ccllu- 

P- 

Cellu- 

7- 

Ccllu- 

oxy 

san 

san 

lose 

nin 

san 

san 

lose 

lose 

lose 

4.49 

7 35 

162 

57 41 

26 65 

6 82 

1 98 

62 10 

10 56 

30 13 

5.25 

7 87 

3 42 

53 86 

31.32 

• 

7 30 

1 78 

62 68 

11 06 

26 25 

6 24 

10 65 

135 

41 60 

37 68 

9.08 

1 99 

46 92 

1167 

41 06 

5.21 

7.80 

2 75 

48 45 

34 21 

7 40 

2 09 

78 81 

2 95 

18 24 

4 56 

6 97 

3.22 

59 71 

26 44 

5 33 

195 

64 61 

16 32 

19 06 

5.05 

7 46 

3 60 

58 48 

— 

7.71 

1.16 

__ 

— 

— 

4 95 

6.02 

4 41 

61 47 

— 

5 34 

1 20 

— 

— 

— 

5.03 

10 80 

2 81 

57 80 

— 

8 94 

1.19 

— 

— 

— 

5 30 

10 39 

3 55 

61 85 

— 

9 63 

0 72 

— 

— 

— 

5 74 

19 59 



58 03 

24 85 

22 82 



56 77 

19 92 

23,03 

5 55 

13 96 

0 70 

45 48 

30 47 

17 75 

0 81 

76 48 

2 35 

21 17 

5 68 

17.65 

0 86 

54 15 

26 50 

19 99 

1 35 

75 64 

0 27 

24 08 

5 63 

18 82 

0 80 

56 22 

23 44 

2189 

1 41 

76 32 

2 82 

20 35 

6 73 

20 09 

2 33 

57.62 

25 07 

20.96 

2 46 

68 86 

0 70 

31 10 

6.00 

19.93 

3 73 

61 24 

— 

24.28 

1 54 

— 

— 

— 

6 07 

24 63 

2 69 

61 31 



28 30 

1 16 

— 

— 

— 

7 25 

21 71 

2.39 

60 78 

— 

24.48 

0 96 

— 

— 

— 


If (luf correction is made for these furfural-yielding substances in the 
Cross and Pevan cellulose, the “jientosan-free cellulose” figures are gen- 
erally higher in the case of conifers than in the hardwoods. The danger 
of generalizing, hc)wc\er, is shown by studying the analysis of incense 
cedar which gives extraordinarily high figures for lignin (nearly 3S jier 
cent) and correspondingly low yields of Cross and Pevan cellulose. The 
“pentosan-corrected” cellulose values for incense-cedar then approximate 
37 per cent, a figure which approaches the figures found in mesquitc, a 
hardwood very low in cellulose. 

Analytical Differences in Heart- and Sapwood 

Table XX gives a re.sume of data obtained by applying the proximate 
methods of the Forest Products Laboratory to heartwood and sapwood 
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TABLE 

Analyses of Sapwood and Heartwood of Some 
(Results in percentage of 


Species 
White ash : 

No. 2 sapwood ... 

No. 2 heartwood . . 

No. 3 sapwood 

No. 3 heartwood .... 
Yellow poplar . 

No. 1 .sapwood 
No 1 heartwood . . 

No. 2 sapwood 
No. 2 heartwood 
Pignut hickory • 

No. 1 sapwood . . 

No 2 heartwood . 
Yellow hirch • 

No 1 sapwood 
No 1 heartwood . 

No. 2 sapwood 

No 2 heartwood 
White oak * 

No. 1 sapwood 
No 1 heartwood 
No 2 sapwood 
No 2 heartwood , 

Paid cypress: 

No. 1 sapwood . 

No. 1 heart wofKl 
No 2 sapwood . . 

No. 2 heartwood 
White pine: 

No 1 sapwood ... 

No 1 heartwood . 
Yellow cedar; 

No. 1 sapwood . . 

No. 1 heartwood 

White cedar: 

No 2 sapwood .... 

No 2 heartwood . . 

No 3 sapwood 

No. 3 heartwood . . . 
Incense cedar : 

No. 1 sapwood 

No. 1 heartwood 


Solubility in 

1 Per 


Ash 

Cold 

Water 

Hot 

Water 

Ether 

Cent 

NaOH 

Acetic 

Acid 

Meth- 

oxyl 

0 61 

5.81 

6 41 

1 17 

21 77 

3.23 

4.70 

0 30 

2 24 

3 40 

0 43 

19 59 

2 31 

5.36 

0 57 

5 25 

7.02 

0 88 

2193 

3 70 

5 66 

0 32 

2 12 

4,46 

0 46 

18 97 

2 66 

5.20 

0 48 

129 

1 98 

0 27 

16 74 

3 12 

5.81 

0.39 

1 50 

2 08 

0 43 

17 70 

2.89 

5.86 

0 36 

1 45 

251 

0 13 

1691 

3 33 

5.89 

0 33 

1 45 

2 89 

0 58 

17.57 

2 73 

6.03 

0 40 

4 91 

6 45 

0 29 

19 11 

3 58 

5.56 

0.45 

2 07 

2 95 

0.36 

15 10 

3.08 

5.79 

0 26 

1 05 

1 98 

0 48 

16 77 

2 34 

5 66 

0 40 

4 16 

5 69 

081 

20 51 

178 

5 46 

0 18 

1 74 

210 

0.88 

19 78 

3 75 

5 47 

0 23 

2 76 

3 96 

0 99 

21 14 

2 83 

5 27 

0 57 

2 55 

4 11 

0 46 

21.11 

3 44 

5.95 

0 43 

7 33 

10 15 

0.71 

25 81 

2 59 

618 

0 37 

4 27 

5 73 

0 65 

21 69 

2 47 

6 02 

0.42 

4 76 

6 60 

0 62 

22 67 

2 97 

5.64 

0 48 

0 72 

1 42 

0 23 

8 55 

0.77 

4 35 

0 30 

2 79 

2 99 

4 87 

10 59 

0 48 

3 94 

0 86 

1 76 

2 30 

2 80 

10 63 

0 65 

4 99 

0.95 

3 27 

3 49 

7 93 

13 56 

0 29 

4 07 

0 23 

3 55 

5 15 

5 46 

17 16 

1 68 

4 16 

0 42 

5 97 

7 68 

3 62 

19 15 

143 

4 60 

0 28 

2 13 

3.41 

1.00 

11 72 

2 05 

4.40 

0 18 

2 88 

4 12 

132 

12 77 

1 53 

4 81 

0 64 

2 18 

2 82 



1102 

1.17 

5 07 

0.21 

194 

3 22 

— 

11.41 

0.84 

5 00 

0 48 

3 02 

3 96 

1.44 

12.71 

1 11 

5.23 

0 27 

2 80 

4.01 

1.87 

1414 

0.74 

5.09 

0 47 

1 92 

2 97 

0 67 

11.16 

1 33 

5.95 

0..30 

4 74 

7 08 

4.78 

19 99 

0.68 

6.21 


of different species. Ritter and Fleck ** have found that in the case of 
softwoods, the water, ether, and alkali-soluble comixinents are higher in 
heartwood than in sapwood and that (wdth the exception of lignin of 
white cedar) the cellulose and lignin are lower in the heartwood. It 


"/nJ Ln<j them. 15, 1056 (1923). 
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XX 

American Woods (By Ritter and Fleck) 
oven-dry (105° C.) samples) 


In Cellulose 

Methyl Methyl 


Pento- 

pento- 

Cellu- 

Lig- 

I'ento- 

pento- 




san 

san 

lose 

nin 

.san 

san 

Alpha 

Beta 

Gamma 

19 85 

2.40 

50 38 

26 95 

18 83 

160 

74 67 

13 67 

11.66 

19.90 

2 25 

53 56 

27.39 

16 75 

1 34 

64 68 

24 58 

10 84 

20.16 

2 63 

49 72 

27 39 

19 67 

1 60 

55 11 

28 29 

16 50 

19.87 

2.46 

53 40 

28 38 • 

17 34 

147 

42.45 

33 22 

24 33 

18 37 

3 28 

58 13 

23 08 

15 52 

221 

50 13 

30 74 

19 13 

18.47 

3.11 

59 57 

22 19 

14 97 

2 40 

61 30 

20 20 

18 50 

18 82 

1.22 

58 02 

23 86 

19 01 

0 78 

34 32 

48 52 

17 16 

19.08 

1.13 

59 47 

23 69 

17 83 

1 47 

36 67 

42 75 

20 58 

18.18 

1 11 

56 08 

21 87 

16 90 

1.30 

51 55 

2192 

26 53 

18 64 

102 

58 81 

22 85 

16 20 

139 

59 44 

23.74 

16 82 

21.36 

1 66 

58.91 

24.69 

20 72 

1 13 

52 15 

32 90 

14 45 

20 37 

1 39 

56 88 

24 62 

21 87 

1 12 

61 17 

23 23 

15 60 

22.30 

182 

56 57 

27 76 

22 19 

171 

52 40 

26.82 

20 78 

23.21 

107 

54 93 

28 13 

2181 

1 04 

53 56 

25.00 

21.44 

23.25 

0 90 

49 53 

32 34 

2174 

0 88 

68 07 

15 27 

16 66 

2182 

1.57 

48 68 

32 74 

24 22 

0 58 

67 33 

11.84 

20 83 

21.72 

0 94 

53 18 

31 14 

24 81 

1 20 

53 81 

22.63 

23 56 

22 08 

091 

52 12 

31.30 

24 54 

0 96 

52 96 

20 41 

26 63 

8.03 

4 38 

54 86 

35 01 

6 25 

1 85 

76 09 

5 93 

17 98 

6 67 

4 49 

53.10 

33 06 

5 84 

180 

76 83 

3 94 

19 23 

9 23 

3.34 

50 94 

35.31 

5 89 

1 65 

58 18 

26 91 

1491 

7 88 

3..36 

49.18 

32 27 

6 33 

125 

57 38 

24 75 

17 87 

9 31 

2.14 

54.25 

26 51 

681 

2 09 

54 56 

17.47 

27.97 

8 56 

1 00 

50 23 

2614 

7 12 

2 02 

57 29 

22.42 

19.29 

8 47 

1 75 

58.12 

29 03 

7 60 

2 44 

54.61 

26 59 

18 80 

8.69 

185 

56 08 

28 73 

7.78 

2 73 

— 

20.17 

— 

11.61 

0.94 

55 77 

29 85 

10 35 

1 77 

73.78 

0 99 

25 23 

10 79 

1.72 

55.19 

31 39 

8 52 

1 58 

61.47 

2223 

16.30 

10.82 

1.16 

55 02 

32.14 

8 95 

1 28 

69 17 

14,04 

16 79 

10.36 

1 56 

54 42 

32 42 

7 97 

1 32 

55 22 

24 74 

20 04 

12 08 

0 45 

49 09 

34 73 

10 14 

124 

50 69 

12 98 

36.33 

12 04 

0 56 

44 53 

33 67 

11 68 

1 31 

66 62 

1105 

22 33 


is more difficult to generalize in the case of hardwoods. Certain hard- 
woods (like oak) show a higher j^r cent extractives in the hcartwood 
than in the sapwood. These same hardwoods show a, lower cellulose con- 
tent in the heartwood than in the sapwood. Cither hardwoods (like pignut 
hickory) show a higher per cent extractives in the sapwood than in 
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the heartwood and here the cellulose is correspondingly lower in the 
sapwood. Acetic acid obtained by hydrolysis is consistently higher in 
sapwood than in the heartwood of both softwoods and hardwoods. 

Analytical Differences in Spring- and Summerwood 

The results of analyses of spring- and summerwood are given in 
Table XXL Lignin is present in larger amount in the springwood than 
in summerwood. This is explained by the fact that the middle lamella 
(which is comjx)sed of lignin) forms a larger ix)rtion of the wood sub- 
stance in the cell walls of springwood than in the thick cell walls of 
summerwood. In general, the percentage of cellulose (both Cross and 
Re van cellulcj.se and pentosan-free cellulose) is appreciably higher in 
summerwood than in s]iringwood, although there arc a few exceptions to 
this rule. 

Summative Analytical Data 

The following table (XXIT) gives analytical data compiled by Dore 
in his summative analyses of American woods. 

TAPLE XXII 

SuMMAnvE Analyses of Amemican Woods (Dore) 



Per 

C'ent 

Ex- 

tracted 

by 

Benzol 

Per 

Cent 

Ex- 

tracted 

by 

Alcohol 

Cellu- 

lose 

Lig- 

nin 

Soluble 

1 *ento- 
san.s 
(Xylan) 

Man- 

nan 

(lalactan 

Total 

Redwood 

. 0 34 

4 39 

.S4 89 

34 50 

3 67 

3 21 

0.50 

101 50 

Yellow pine . 

2 22 

1 49 

57 72 

29 47 

3 49 

6 37 

0 78 

101.54 

Sugar pine . 

. 2 84 

190 

59 18 

29 50 

1 86 

6 63 

0.50 

102 41 


It will be recalled that 1 lore’s methods as applied to coniferous woods 
were unsuited to the analysis of hardwoods. 'J'he following data obtained 
by Dore on oak (C- a(jri folia) show the ixissibilities for summative 
analyses of hardwoods with the modified procedure referred to on jxige 
126, Chapter I. Rcn/ene extract 0.52 per cent, alcohol extract 4 52 jier 
cent; soluble in cold water vL82 per cent; soluble in 5 ix^r cent NaOH 
19.53 per cent, cellulo.se 47.49 per cent; lignin 21.14 per cent; pentosans 
not otherwise accounted for 1.97 ]x*r cent; mannans (not extracted) 
none; galactans (not extracted) 1.56 per cent; total 100.55 per cent. 

More interesting iXMhai>.s than the ]>receding data are those indicat- 
ing the distribution of the furfural-yielding groups, melhoxyl groujis, 

Ritter and Meek, hid I'.mi them, 18, (i08 (1^20). 

“Loc. ciL 
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and acid-yielding material (expressed as AcOH) — over the various con- 
stituents in redwood and oak. 

As in the case of the results obtained in the Forest Products Labora- 
tory, roughly 50 per cent of the total furfural-yielding components of 
wood remains in the Cross and I»evan cellulose. In the case of red- 
wood, most of the remaining furfural-yielding material is removed by 
chlorination, while in the case of oak, the NaOH extraction which pre- 
cedes the cellulose determination, evidently removes approximately 50 per 
cent of this material. Lore’s method for the isolation of lignin gives a 
preparation practically free from pentosans. In the case of redwood 
the total methoxyl content of the wood is quantitatively recovered in the 
lignin fraction. In the case of oak, a pfirt of the methoxyl is lost during 
the wood extraction (probably due to the action of alkali) but too much 
weight cannot be given to these quantitative data, since difficulty was 
experienced in obtaining concordant results in duplicate determinations. 


TABLE XXIll 

Distribution of (ikours Over the (’(jsstituen is of Redwood and Oak (Dore) 
(Calculated on basis ol the oriKinal dry wood) 




I’er Cent 

Rer Cent 


I’'urfural 

Total Volatile 

Methoxyl 


Yield 

Acid 

tiro ups 

Redwood. Untreated wood . . .. 

.. 5 84 

1 00 

5 60 

Cellulose 

.. 2 52 

071 

0.35 

Chlorination solutions 

2 15 

— 

— 

Lignin 

., 0 24 

0 09 

5.63 

Oak : Untreated wood .... 

. 12.90 

Not determined 

5 56 

Cellulose 

6 11 

“ “ 

Not determined 

Chlorination solutions 

1 10 

4« II 

II II 

Lignin 

None 

II .1 

3 53 


Analytical Data Obtained on Foreign Woods 

1. German Woods, d'he methods of S<'bwalbe and liecker gave rise to 
the results obtained in the following table (XXIV). In general, these 
results comjxire very favorably with those obtained at the Madison labora- 
tories. 

A totally difTercnt .scheme of analysis led to the results of Konig 
and Hecker.^^ Since the pure or “ortho” cellulose is determined by 
difference and as the determination of hemicelluloses is not a fixed 
procedure, but varies with the kind of wood examined, these results are 
not comparable with any of the foregoing. The data are actually the 
results of a summative analysis, quite difTercnt froiu the one devised by 
Dore. The only “overlapping” constituents are found in a part of the 


“Loc. cit. 
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TABLE XXIV 

Analysis of Eumopean Woods (Schwalbe and Becker) 


Spruce 
(Ptcca 
excdsa. 
Link ) 


Per cent ash 0 77 

(o) Per cent ether soluble 

material 0.78 

{h) Per cent alcohol solu- 

hle material 1 52 

(a) + {b) 230 

]*er cent alcohol - benzol 
soluble . . ... 2 34 

Methyl number . 2.36 

Per cent pectin (von Fellen- 

berji’s method ) 1.22 

Acetic acid (Schorger’s 
acid hydrolysis) . 144 

Pei cent nitrogen 0.11 

Per cent protein . 0 69 

Per cent pentosans 1130 

Per cent methyl pentosan 3 00 
Per cent Cross and Bevan 
cellulose .... 63 95 

l*er cent pentosan- free cel- 
lulo.se ... 57 84 

Per cent lignin . . . 28 29 


Pine 

Beech 



( Pinus 

{Fagus 

Poplar 

Birch 

syl- 

stl- 

(PopulUs 

(Betula 

vestris, L ) 

vatica, L.) 

tremula, L.) 

alba, L. 

0.39 

1 17 

0.32 

0 39 

192 

0.31 

1.08 

071 

153 

1.74 

2.08 

109 

345' 

2.05 

3 16 

180 

3 32 

1.20 

2 87 

1.68 

2 20 

2 96 

2 56 

in 

1 11 

1 75 

182 

161 

140 

2.34 

4 17 

4.65 

013 

0.17 

0 10 

0.12 

0 80 

1 05 

0 63 

0.74 

1102 

24 86 

23 75 

27 07 

2 23 

1.02 

0 72 

0 84 

60 54 

67 09 

62.89 

64 16 

54 25 

53.46 

47.11 

45 30 

26 35 

22.46 

18.24 

19 56 


I>eiUo.sans, and if wo add the percentaj^es i>r()tein, ash, resin, total pento.sans, 
hcniicdlular liexosans, lignin, and “puntied” cellulose, the sum totals 100. 
Similarly if the ijercentages of protein, ash, resin, hcmicellular hexosans 
and hemicellular ix'iUosans, lignin and crude cellulose are added, the 
sum total is 100 i^r cent. 

Within the jiast decade, fragmentary analytical data have appeared 
in the literature and only brief abstracts of .some of the more recent 
re.sulls are gi\en in following sections. No attempt has been made to 
give a complete compendium of analytical data. 

Arycniine ll'oods. Dominquez^' has made a series of analy.ses cover- 
ing 32 woods of trees native to Argentine. Jhs determinations include: 
moisture, water-soluble matter, “tannins” and “non-tannins,” and ash. 

Szm'disJir Woods. Wahlberg^* rcixirts inve.stigations on Swedish pine 
and spruce wo(k1.s. lie determined the resin and cellulose contents. The 
latter was determined by the u.sc of bisulfite followed by bromine. 

Japanese li^oods. Nakamura^"' rejxirts the analysis of two coniferous 
woods from Karafuto: Eco~matsu {Picca ajanensis Frisch) and {Todo- 


Analcs soc. quim Argentina, 5, 113 (1917) 
Zcllsloif u Papier, 2, 129-34, etc (1922) 

Mem Coll Set Kyoto, Imp, Ihiiv., 6, 295 (1923). 
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matsu (Abies sachaliensis Mast.). The determinations included ash, pro- 
tein, resin, lignin, pentosans, hexosans and cellulose. Toda-matsu con- 
tains more pentosans, hexosans, and less cellulose than does Eso-^natsu. 
Miura determined the methoxyl content of 29 woods taken from the 
principal forest trees of Ja|xin. 

British Colonial Woods. Various woods of British Guiana were 
studied analytically.^" The chemical analyses included per cent ash and 
cellulose and fiber lengths, the object being to evaluate the woods as 
raw materials used in papermaking. Analyses were also made of three 
woods from British tlonduras.^® Quam ^Schizolohium sp.), white Moho 
(Hibiscus sp. ?) and jxilak wood (Ochronm sp.) were thus examined. 

A sample of wattlewood (Pcltophorum africanum) was analyzed by 
English using Schorger’s methods. Dn the oven-dry basis, the wood 
contained ; 0.85 jxjr cent ash, 9.55 per cent cold water-soluble matter, 12.29 
per cent hot water-soluble matter, 0.17 [ler cent ether-soluble material, 
4.19 per cent acetic acid, 21.2 jier cent pentosans, 1.3 per cent methyl 
pentosans and 59.3 per cent Cross and l’>evan cellulose (of which 9.42 per 
cent was pentosan). 

French West African Woods. Heim and his collaborators have 
obtained the following analytical data (Table XXVI) on oven-dried woods 
of W. Africa. 

TABLE XXVI 

Analysis of Woods from French W. Africa 

Per Cent 

Per Cent Resins, Per Cent Per Cent 


Wood 

Scientific Name 

Ash 

Fats, etc 

Cellulose 

Lignin 

"Sibo" 

(Ivory Coast) 

Sarcocephalu.\ 

... ciculi’ntu.^ Af/el 

0 2 

0 96 

67 48 

31 36 

"FromaKer” 
(Gaboon) 

Ilriodendron 

. . . anfracluosum D. C. 

59 

0 62 

68 3 

25 18 

“Bahia” 

( Gaboon ) 

M itragyna 
macrophyUa 1 hern 

0 77 

0 60 

70 0 

28 62 

“Pri” 

(Ivory Coast) 

Funtumia africana 
Stopf 

0 98 

0 63 

65.0 

33 39 

“Ako” 

(Ivory Coast) .... 

Antiaris africana 
. . . Englcr 

I 57 

0.54 

65.0 

32.89 

“Samba’‘ 

(Ivory Coast) 

Triplochiion John.foni 
.. . C. 11. Wright 

1.77 

0.56 

59.0 

39.0 



PART IV 

DECOMPOSITION OF WOOD 
Chapter i 

C]ombustion of Wood 

The combustion of wood holds two mam lines of interest: (1) the 
condition under winch the wood will ignite and burn, and (2) its heat 
of combustion. The former determines its value as a construction mate- 
rial exposed to lire hazards. The latter determines its fuel value. The 
first of these has not often had adequate discussion from all points of 
view. 

Ignition Temperature 

There have never been any satisfactory determinations of the igni- 
tion temperature of wood since the deteiminations have deixnuled more 
on the surrounding conditions tluui on the wood itself. llie method 
and rapidity of heating, the air supi>ly, the place where the tempera- 
ture is measured, and whether there is a pilot llame, are all factors which 
may greatly inlluence the ignition temperature. Good methods for deter- 
mining the relative conlmstibility and jicrhaps the relative ease of igni- 
tion of different treated and untreated woods have been developed, but 
these do not necessarily show the actual minimum ignition temixiratures 
of the woods tested Consequently a theoretical discussion must suffice. 

As we will see in the next chapter, wood liegins to deconi]>ose at about 
275" G. and that decomposition is exothermic in character. During the 
course of this dccomixisition combustible and incombustible gases and 
vapors are formed, and a combustible residue, charcoal, is left behind. 
Since there is no considerable decomposition of wood below this tem- 
perature, it would not be expected that the wood could ignite sooner 
because the oxygen of the air certainly could not combine directly with 
the solid wood substance at such low temiieratures. The ignition tem- 
pieraturc of all woods would be expected to be at about 275" C. under 
the optimum .conditions. This theory jirobably holds excejit ( 1 ) as the 
physical proix^rties of the wood, .such as jxjrosity, influence the surface 
of contact between the wood and air and (2) for the presence of 

187 
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extractives with low ignition temperatures, such as volatile oils. If the 
ignition takes place at about 275° C. it means that the vapors or gases 
formed by the decomixisition of wood by heat normally ignite at this 
temperature or that they ignite at a lower temperature than usual due 
to the catalytic action of the residue of charcoal, or else it means that 
the exothermic heat carries the temperature locally above 275° C. and 
starts the combustion. The ignition temperature cannot be much above 
275° C. because if so it would be ix)ssible to distil wood to a residue 
of charcoal in the oix;n air without combustion which seems impossible 
when the ready ignition of freshly formed charcoal is considered. 

The actual final ignition temperature of wood is probably not affected 
by moisture content because the moisture will be removed before the 
wood has reached the ignition point, hut the presence of moisture will 
naturally reduce the speed at which the wood is heated to the ignition 
temperature. The presence of .solid combustible extractives with ignition 
points higher than that of wood would not appreciably affect the ignition 
of the whole. If there is a pilot flame for the ignition of combustible 
vapors the presence of considerable amounts of turpentine or other volatile 
oil in wood might cause ignition below 275° C. but without the presence 
of volatile oil destructive distillation probably precedes combustion. 

Mechanism of Combustion of Wood 

With these conclusions in view it is possible to discuss the combus- 
tion of wood 111 more detail. Leaving out of consideration the presence 
of extractives, let us consider how wood ignites and burns. When com- 
bustion is once started it keeps itself going so long as there is enough 
air supply and so long as the heat of combustion is not dissipated but 
used to heat new ijortioiis of the wood up to the ignition temperature. 
It needs no discussion to show that a sufficient air supply is required 
to keep the combustion going, but it may need some explaining to show 
how a piece of wood once ignited and burning may become extinguished 
without any cxlernal changes in conditions. 

The combustion of wood may be considered to take place in two 
stages: 1st, tlie combustion t)f gases and vajMjrs given off by the exo- 
thermic decomjxisition of wood and 2nd, the combu.stion of the solid 
residue of cliarcoal left behind after the exothermic reaction is finished. 
These stages may not be sharply defiired since volatile combustible ma- 
terial is driven off from the original charcoal if it is further heated after 
the completion of the exothermic reaction but there is certainly a change 
in the character of the combustion at about this time, d'his is further 
indicated by the fact that about half the vajxirs and gases given off dur- 
ing the exothermic reaction are incombu.stible (COo and HgO), while 
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nearly all the gases given off afterward are combustible. It can readily be 
conceived therefore that the outside of a large stick of wood may be 
heated to the ignition temperature and burn through the first stage of 
combustion without heating the interior of the stick above 275° C. On 
account of the low conductivity of charcoal, the heat from the combustion 
of the charcoal on the outside of the stick may not be conducted inward 
rapidly enough to heat more wood to the distilling p(_)int and the ‘Tire 
may go out.*’ This accounts for the difficulty in burning large chunks 
of wood, such as stumps or logs, unless the conditions arc such as to keep 
the heat from being radiated ^way. A large pile of stumps may be 
burned without much difficulty but the burning of a single stump is a 
hard job. “One piece of wood keeps another afire. “ 

This property of burning rapidly on the outside, charring a thin 
layer, and then being extinguished entirely or burning very slowly is a 
valuable one for wood used for construction work expi^scd to fire hazards. 
In fact steel under the same conditions and carrying the same load may 
be rapidly heated through and not infrequently may lose its strength 
and drop its load sooner than the wooden member. 

Heat of Combustion 

The heat of combustion of wood has been the subject of many de- 
terminations, but most of them were made before accurate methods of 
calorimetry were available or before it was realized that a careful con- 
trol of the moisture in the test pieces was necessary Some of the first 
work that was at all reliable was by Gottlieb ^ and from that time to 
the recent work of Parr and Davidson ^ nothing was done on the subject 
This last work was done on samples of known moisture content and 
by the most modern and accurate methods and the determinations on 
duplicate samples agree very closely so that the results can be considered 
authoritative. The only correction which might be made on these results 
is for the amount of heat required to remove the adsorbed water from 
the wood.^* It has been shown that this amounts to about 35 R t.u. i:>cr 
pound of saturated wood but it would be less than this in the figures 
given for dry wood since the samples used were only partly saturated. 
The averages of Parr's results for each of six &])ecies of wood are given 
in Table XXVII. 

Only one six^cies of resinous wood, pine, is included but it will be 
noticed that this gives a higher calorific value than any of the non-resinous 

*/. prakt Chem , 28 , 414 (1883). 

■/. hid. Eng Chem , 14 , 935 (1922). This article contains a brief bibliography 
and discussion of former work. 

“ See p 286. 
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TABLE XXVII 
Fuel Value of Wood 


Moisture B.t.u. per Lb. B.t.u. per Lb. 

Species Content (Moist Wood) (Dry Basis) 

Pine 8.88 8049.8 , 8836.2 

Oak 8.35 7841.5 8555.7 

Hickory 10 30 7578.0 8448.1 

Cherry 8 85 7859 9 8623.0 

Birch 1018 7597.4 8458.4 

Poplar 10.69 7716 1 8639.6 


woods. This can he readily accounted fqr hy the pre.sence of resin in the 
pine. On account of the high fuel value of resin (17,400 B.t.u. per 
pound computed from 20 |XJr cent teq)enes and 80 abietic acid by the 
Du Long formula) a small proportion of resin in wood may make con- 
siderable increase in its fuel value. If, for instance, a wood contained 5 per 
cent re.sin, its fuel value would be .05 X 17,400 + .95 X 8600 = 9040 
B.t.u. per pound. Aside from this difference due to resin content we have 
no other apparent relation.ship between chemical composition and calorific 
value. The slight difference between the hardwoods shown in Table 
XXVJI (a maximum of 2.^3 i)er cent) can be accounted for by variation 
in amount and comjxisition of the extractives. I f we assume, for instance, 
that the cell wall i)roix^r of sjxcies A is 90 jier cent and of species B 
is 95 per cent and of a calorific value 8600 B.t u. per pound in both 
cases, while the 10 per cent extractives of A have a value of 6000 B.tu. 
{xr ixnind and of B 7000 B.tu. per pound, then A will have a total 
value of (90 X 8600) 4- (10 X 6000) =8340 and B, (95 X 8600) + 
(5 X 7000) = 8520 or a difference of over 2 per cent. 

It is not known what effect the differences in composition between 
softwoods and hardwoods aside from the resin content of the former 
may have on the calorific value. In fact there is a good field for re- 
search in the accurate determination of calorific value of samples whose 
chemical composition has been determined and possibly modified by extrac- 
tion or otherwise. 

Effect of Moisture 

Tn these discussions the miiisturc content of the wood has not been in- 
cluded since dry wood has been assumed in all examples. Moisture is, 
however, of great importance and since it is commonly present in wood 
it will be given a discussion by itself. .It will be noticed that the deter- 
minations shown in Table XXV H were made on wood containing moisture 
and then corrected by simply dividing the value obtained by [100 — the 
moisture content]. This is correct^ in this case where the moisture 

^Except for ihe compaiatively .small amount of heat required to remove the 
adsorbed water from the wood. 
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evaporated by the combustion is condensed and its latent heat recovered 
but in a practical use of wood as fuel where it is used to heat a material 
above the boiling point of water (or where the waste flue gases contain 
the moisture in vapor form) this method of correction is not suflicient. 
In such a case the moisture not only reduces the value of the fuel by 
so much inert material but also causes a loss of the heat required for 
heating it to 10(3° C., for its evaixiration, and for heating its vapor to 
the tem]>erature of the escaping flue gases. For example, one pound of 
wood with 5 i)cr cent moisture will have an actual fuel value equal to 



Fk; 10 — Relation between Moisture Content and Fuel Value of Wood. 

that of (3 0524 pound of wood minus the s])ecilic heat of 0.0476 pound 
of water between 70° and 212° F. minus the heat of evaporation of 
0.0476 pound of water and minus the specific heat of 0.0476 pound of 
steam between 212° F'. and, say, 500° F.'^ F^ig. 10 shows the effect 
of different percentages of moisture on the fuel value of the wood cal- 
culated like the above example. It should be noted that the moisture 
figures in this figure are on the basis of dry weight of wood — that is 
50 per cent moisture means 50 parts water to 100 jxirts dry wood. In 

'The amount of heat required to heat the air necessary for the combustion to 
the temperature of the flue gases should also be included herd in order to give com- 
plete figures on fuel value This factor is, however, a constant and does not affect 
the relative values of wood with different moisture contents. 
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curve A, which shows the variation of fuel value per pound of wet wood 
burned, the fuel value diminishes rapidly at first and then more slowly 
so that at a moisture figure of 100 per cent ( 100 parts wood to 100 parts 
water) the value is still 3,670 B.t u. per pound. This method of com- 
puting fuel value on the basis of B.t.u. per pound of wet w^X)d is likely 
to be misleading, since it does not furnish direct information in regard 
to the variation of the fuel value of a given quantity of wood with varia- 
tions in moisture content, as for instance, the increase in fuel value 
of a cord of wood with 35 i)er cent moisture when it is dried to 15 per 
cent moisture. For the puriM>se of showing this kind of change Curve B 
was drawn which shows the change with moisture content of the B.t.u. per 
pound of dry wood. This curve .shows that a pound of dry wood with 
0.35 pound moisture has a fuel value of 8,163 B.t.u. while with a de- 
crease to 0.15 pound moisture the fuel value has been increased to 
8,413 B.tu. or by only 3.0 per cent. 

This method of computing change in fuel value with change in moisture 
is probably correct for low moisture contents but other factors apj^ar- 
ently become important with high moisture contents. From the curve B 
in Fig. 10 it would ap]>ear that wood with 200 per cent moisture still 
had a considerable fuel value — 6,100 B.t.u. j>er pound in comparison with 
8,600 for dry wood, but from the practical .stand jx)int wood with twice 
its weight of water is about the limit that can possibly be burned, even 
in specially constructed furnaces for using wet fuel. This is not be- 
cause the fuel value is not present but because it is difficult to dry .such 
wet wood in the fire box under the conditions required for propagating 
combustion in the mass of fuel. 

Commercial Wood Fuels 

As in many other cases the relative fuel value of different woods 
per pound is not the same as the relative values per cord on account 
of the variation in the sjiecific gravity and correspondingly in the weights 
I^er cord. For iirstance, a cord of j>ine may not be as valuable for fuel 
as a cord of hickory notwithstanding the figures in Table XXVII, since 
the cord of hickory may weigh enough more than the cord of pine to 
make up and over-balance the high value of the pine wood ]:>er pound. 

It is not often that wood actually com|X‘tes on an even basis with other 
fuels in the United States. Where wood is used as an industrial fuel 
for power generation, as in sawmills or wood- working plants, there is a 
sufficient (juantity of fuel wood which would otherwise be a waste, as 
for instance, the .sawdust, shavings and small edgings and trimmings. 
At .sawmills located in small towns there is little demand for industrial 
fuel other than in the mill itself, and there is frequently a surplus even 
after the demand^ for domestic fuel have been met. Wood is so low grade 
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a fuel compared with coal or oil that its transiX)rtation over any consider- 
able distance is not profitable. At sawmills loc*ated in cities the surplus 
mill waste can be sold for industrial or domestic fuel and here there 
may be some comixitition between wood and other fuels. 

The big bulk of the wood used for domestic fuel consists of fire-wood 
cut from the farmer’s wood lot and used mostly by the man who cuts it. 
The use of wood as a domestic fuel in towns and cities is mostly a luxury 
and the wood does not cnniix'te with other fuels on a basis of calorific value. 

For industrial fuel wood is now commonly used in form of sawdust 
or "hogged” chi]>s small enough so that they may be handled on con- 
veyors. For this kind of fuel, which is usually wet, a six'cial tyjxj of 
fire-bo.x. the “Dutch oven,” is used. This is a large brick fire-box fed 
from the ttip with the fuel forming large cones on the grates. It must 
be of sufficient size and proj^r construction so that the fine, dam]i fuel 
is dried, heated through, and burned before it is carried to the flues by 
the draft. 'I'liis is accomplished by having a large area of radiating sur- 
face in the fire-box itself and by jireventing direct radiation from the 
burning fuel to the surface to be heated. 

Wood Ashes 

At one time the ashes obtained bv the combustion of wood were of 
considerable importance as a source of ixitasb ; in fact it is hardly a 
century ago that in newly settled localities in this country the chief value 
of wood lay in its jKitash content 'Phe pioneers in clearing their land 
piled the logs until they were dry enough to burn and after burning care- 
fully colle(ted the ashes. This was frequently the first valuable product 
from the land and the only one with a cash \aluc Vor many years after 
this |)eriod wood ashes were sufficiently valuable to pay for their col- 
lection and use as fertilizer or as a source of crude potash. Perhaps 
even today some home-made soft soaps require the saving and leaching of 
ashes from the farmer’s stove. 

Since the commercial production of potassium salts from the Stassfurt 
deposits the value of wood ashes has diminished and they are no longer 
an article of commerce. Tn most idaces where large amounts of wood are 
burned as in sawmill power plants or in waste burners, the draft through 
the fire-box is so rapid that the ashes go out with the smoke. Where 
wood is used in small amounts as for domestic fuel the cost of collection 
of the ashes is prohibitive. 



Chapter 2 

The Decomposition of Wood by Heat 

The decomix)sili()n of wood by Iieitt is of interest largely for the 
reason that it forms the basis of the wood distillation industry. In this 
chapter only the chemical side of the destructive distillation itself will 
be covered, and discussion of the refining process, and of the engineering 
and economics of the industry will he omitted, since these subjects do 
not have any bearing on the chcniistiy of wood. Readers interested in 
these subjects are referred to the siiecial literature of wood distillation.^ 

The decomposition of wood by heat under ordinary conditions and 
in reasonable time is not serious until about 275° C. is reached. The 
water is driven off long before this tenijierature is reached and likewise 
various extraneous materials may be volatilized or decomposed but the 
change in chemical composition of the wood fiber itself is not marked. 
Slight chemical changes resulting in marked physical changes as in strength 
or color may take place at lower temjieraturcs and in the artificial dry- 
ing of wood the temjieratures are usually kept below 90° C. in order 
to avoid decrease in strength. It is jxissible also that long-continued 
action of medium high tem}KU‘atures may have very nearly the same re- 
sults as higher tem[>eratures for a short time. The slow darkening and 
final charring of wood in contact with steam pipes is a good example, but 
no quantitative study of this effect has Ijeen made. 

Any accurate determination of the effect of temperature on wood is 
difficult on account of its very low conductivity. F.ven with a small piece 
of wood ajid with slow heating it is difficult to have all parts of the wood 
heated to the same temperature at the same time and an observed effect 
may be due to a small part of wood which is at the maximum temperature 
while most of the wood is still many degrees cooler. The latest and be.st 
work on this subject is that of Klason, von Heidenstam and Norlin ® in 
which small charges of wood were heated with careful temperature control 
and with measurement of the temperature at the center and surface of 

* TTawlcy, “Wood Distillation,” 192.3. Chemical Calalop Co. Hunbury, "The 
Destructive Distillation of Wood,” 1923, Renn Rros , London Reri?strom and 
Wesslen, "t^m Trakolninp.” 1918, Nordstadt & Soncr Klar, "Technologie der 
Holzverkohlung,” 1910, Julius Springer. 

^ Arkiv Kcmi, Mineral. Geol, 3, 1-34 (1908) ; Z angciv. Chent , 27, 1205 (1909), 
and 27, 1252 (1910). 
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the charge. A typical record of such a distillation is shown in Fig. 11. 
It will be noted that although the outside temperature rose rapidly to 
about 290° at the end of the second hour, yet there was very little de- 
composition of the wood as shown by the products. The liquid distillate 
was mostly water as shown by the inside temperature and by the fact that 
the rate of flow diminished after 1^2 hours. The presence of a little 
combustible gas is difficult to explain but this also diminishes up to the 
second hour, showing that it is not a part of the main reaction which 
begins later. After about two hours the water in the wood is apparently 
all driven off, and although the outside temperature has been and remains 



Fig 11 — Relation between Temperature, Time, and Products, in the Decomposition 
of Wood by Heat. 


nearly constant between 290° and 300° C., the inside tem^xirature now 
rises rapidly. The main reaction now begins with formation of large 
quantities of combustible gas and carbon dioxide and the liquid distillate 
contains acetic acid, tar, and methanol (although these constituents are 
not shown in the figure). P'rom these curves the exact {xiint where 
active decomposition begins cannot be determined since the two tenii:)era- 
ture curves are so far apart and since the maximum temperature has 
been nearly constant for half an hour without much effect. It can only 
be said to be near, but below, the maximum temperature of 290° C. but 
other observations by Klason have placed it at about 280° C. 

The rapidly rising inside temperature soon becomes higher than the 
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outside temperature showing the exothermic character of the reaction. 
The exothermic reaction is quickly finished, as shown by the outside 
temperature becoming the higher again, and by the marked decrease in 
the gases and the liquid distillate. 

The exothermic reaction has been further studied by K^ason ® giving 
other details of the manner in which wood decomixiscs with heat. In a 
small apparatus in which all the conditions could be accurately controlled, 
he distilled wood (1) in vacuum and rapidly (2) at atmospheric pressure 
and very slowly (14 days’ distillation). In the first case, the secondary 
reactions (dccom]X)sition by heat of prtylucts first formed, or interaction 
between products) were kept at a minimum since the volatile products 
were removed from the distilling vessel and cooled in the minimum pos- 
sible time. In the second case, the conditions were just the opfX)site and 
the secondary reactions were allowed to run to the limit. The most 
marked differences in the results of these distillations were in the amounts 
of charcoal, tar, and gas formed and in the fact that no exothermic 
reaction developed in the vacuum distillation. In the vacuum distillation 
the yield of tar was very much higher than usual and the charcoal and 
gas correspondingly lower. In the long, continued distillation at atmos- 
pheric pressure the charcoal and gas were higher than usual while the 
tar was very much lower. The vacuum tar was also unusual in its light 
color and translucence and in that it dccomi)osed exothermically at 280° C. 
into ordinary tar, gas, and coke. 

These results .show that the primary reaction consists in the forma- 
tion of primary tar and primary charcoal hut that under ordinary condi- 
tions of distillation the former decomi>oses as rapidly as formed into 
secondary tar and gas, which arc among the volatile ]>roducts, and a tar 
coke, which is deposited in the charcoal Since ordinary wood charcoal 
shows no marked difference between the surface and the center of the 
lumps, these secondary reactions must take place almost simultaneously 
with the primary reaction. The i)rimary decomposition of wood is not 
exothermic, but a secondary reaction which takes ])lacc almost simultane- 
ously is the cause of the exothermic character of the ordinary destructive 
distillation of wood. 

This conception of ordinary charcoal as a ]>rimary charcoal on which, 
or in which, secondary charcoal or tar coke has been deposited is of 
interest in connection with the actixation of charcoal Ordinary charcoal 
is a ]x)OT adsorbent of gases and it mu,st be activated by selective oxida- 
tion in order to make it highly adsorbent and it seems reasonable that 
this oxidation removes the tar coke leaving the primary charcoal. This 
hyix)thesis could be readily tested by determining the adsorbent power 
of charcoal prepared by distillation in vacuum. It has been claimed that 

»/. prakt Chew ( 2 ). 90. 413 ( 1914 ). 
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the charcoal obtained by distilling wood in a current of superheated steam 
is much more adsorbent than ordinary charcoal and if this is true it 
tends to confirm the hypothesis since the superheated steam would have 
somewhat th§ effect of a vacuum in rapidly removing the primary products 
before they had time to deconii)ose. This hypc^thesis is not so much at 
variance with that of Chaney * as an addition to it. He assumes char- 
coal to he “a stabilized complex of hydrocarbons adsorbed in a base of 
active (absorptive) carbon.” If wc assume that the primary charcoal 
is the adsorbent charcoal and that the activation consists in the removal 
of the secondary tar coke as well*as adsorbed hydrocarbons, then Chaney’s 
hypothesis is correlated with Klason’s exi:)erimental results 

The formation of charcoal from a more or less physical standpoint 
has also been studied by Hawley ^ who found that the physical char- 
acteristics of the charcoal could he modified by mechanical means during 
the decomposition of the wood C)rdinarv charcoal preserves to a cer- 
tain extent the strnclure of the wood from which it is formed, so that 
it is frequently possible to determine the species of wood by microscopic 
examination of the charcoal. The charcoal, however, is shrunken in 
volume and the original wood structure may be distorted. By careful 
application of mechanical, not pneumatic, pressures of about 100-120 
pounds per square inch during the decomixisition of the wood, the char- 
coal could he made much denser and frequently the original structure 
of the wood was entirely obliterated, the charcoal having a conchoidal fac- 
ture and lieing translucent in thin .sections. There is evidently a stage 
during the decomposition of wood by heat when the mass is slightly 
plastic. It was also found that denser charcoal could be made from a 
partly hydrolyzed wood. 

The ordinary dccomjiosition of wood by heat may be roughly divided 
into three stages: (1) before, (2) during, and (3) after the exothermic 
reaction. 'J’hc first stage is not important since it consists mostly in 
drying the wood, and water is the main product, but it has been shown “ 
that a small amount of acetic acid and a trace of methanol are formed 
during this period. This is probably a result of hydrolysis rather than 
of straight heat decomposition. During the second stage the main part 
of all the products is given off, with the probable exception of hydrogen. 
It is doubtful whether hydrogen is a product at 300-350° C. After the 
exothermic reaction is finished further heating of the charcoal gives only 
gas with traces of tar and methanol ® 

* Trans Am lilcctrochem 5'or., 36, pieprint (1919). 

Ind. Eng. Chem , 13, 301 (1921). 

* Hawley and Palmer, Dept. Agr Bull. No. 129. 

^ “Om Trakolning,” pp 174 and 180. 

“Hawley, Ind. Eng. Chem , 15, 697 (1923). 
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Products of Wood Distillation 

The products of wood distillation separate naturally according to their 
solubility and volatility, into four groups, charcoal, tar, pyroligneous acid, 
and gas. 

( 1 ) The charcoal contains the non-volatile products except those which 
may be carried away mechanically in the vapors and also contains cer- 
tain volatile products which are held behind by adsorption in the solid 
charcoal.® 

(2) The settled tar consists mainly of the non-volatile material carried 
over mechanically in the form of tar fog and of those volatile con- 
stituents not soluble in the pyroligneous acid. There is also a kind of 
tar called “dissolved tar” which dissolves in the pyroligneous acid but 
remains behind when the latter is distilled.^® 

(3) The jiyroligneous acid contains the water-soluble volatile con- 
stituents and those rendered soluble by the presence of the other solvents 
such as methanol and acetic acid. Since the pyroligneous acid and the 
tar form two liquid layers there is a solubility equilibrium between them 
and any of the main constituents of one may possibly be found in small 
amounts in the other. For instance, water, methanol, and acetic acid are 
found in the tar. 

(4) The gas consists mainly of the uncondcnsible gas constituents but 
it is also saturated with va[x)rs of the more volatile liquids of the jiyro- 
ligneous acid and carries a small amount of a fog of the less volatile con- 
stituents. 

These four crude products of wood distillation vary in amount de- 
jxinding on the species of wood and on the conditions of distillation but 
the average yields from hardwoods at atmospheric pressure and 350-400“ 
C. maximum temperature are about 38 per cent cliarcoal, 9 per cent total 
tar, 33 per cent pyroligneous acid (after distillation to remove dissolved 
tar) and 20 per cent gas. Since it is not intended to discuss the refining 
processes and since many of the simple constituents may be found in 
more than one of the crude products the comixisition of the latter will 
not be described in detail. 

Following is a list of the chemical individuals which have been identi- 
fied among the products of wood distillation This does not contain the 
constituents from resinous wood distillation which arc obviously pioducts 
of the distillation of the resin such as leri)cnes and rosin acids. 
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Carbon dioxide 
Carbon monoxide 
Methane 
I iydrogen • 

Water 

Formic acid 
Acetic acid 
Piopionic acid 
Hutyric acid 
Valeric acid 
('aproic acid 
Crolonic acid 
Angelic acid 
Pyromucic acid 
Lignocenc acid 
Valerolactone 

Methyl alcohol 
Allyl alcohol 
Isoamyl alcohol 
Isobnlvl alcohol 
CM. — Cil(Oll) — 
CTI’CIL 

Formaldehyde 

Acetaldehyde 


Valeric aldehyde 
Furfural 
Methyl furfural 
Acetone 

Methyl ethyl ketone 
Di-cthyl ketone 
Methyl propyl ketone 
Methyl butyl ketone 
Ethyl propyl ketone 
Cyclopeiitanone 
Methyl cyclopeiitanone 
Adipic ketone 
Di-acetyl 

Phenol 

0- m- and p-cresol 
Phlorol 

1- 3 xylenol-5 
Pyrocatechol 
Guaiacol 
Ethyl guaiacol 
Di-methyl ether of 

homopyrocatechol 

(.'oerolignol 

Pyrogallol 

Di -methyl ether of pyro- 
gallof 


Di-meth>l ether of 
methyl pyrogallol 
Di-methyl ether of 
propyl pyrogallol 
CTeosol 
Eugenol “ 

Ammonia 
Methyl amine 
Pyridine 
Methyl pyridine 

Pyro xanthone 
Methylal 
Di-methyl acetal 

l)i-methyl furane 
Tri-methyl furane 
Sylvane 

aa'-dimethyl Ictrahydro- 
fiirane 

a-methyl-a'elhyl 
aP'-dihy drof LirfUie 
m-xylene 
Toluene 
Melene Cnoli«o“ 


LcX’voglucosan is probably a product of the distillation of wood in vacuum 
but It IS not likely to be amonj^ the products obtained by distillation at 
atmosjihenc pressure (see p. 205). 

d'bese jiroducts belong mostly to a few groups of related comjioiirids. 


(1) Acids mostly of the acetic acid senes but with some unsaturated 
acids and one with a furane ring. 

(2) yXlcohols, one unsaturated. 

(3) Ketones mostly of the acetone series but some cyclic and one di- 
ketone. 

(4) Aldehydes, formaldehyde .series and with furane rings. 

(5) Phenols and phenol methyl ethers, mostly methyl ethers of di- and 
tri-phenols. 

(6) Ammonia derivatives. 

(7) Hydrocarbons of the benzene and furane series. 


“Williams, Laselle and Rccd have recently shown [Ind Enq Chem , 17, H.'il 
(1925)1 that pyrogallol is probably absent and that 1-monomethyl ether of pyro- 
gallol i.s ifVohably present 

“Eugenol ha.s been identified only in the tar from lignin distilled at reduced 
pressure, but it may be present in the products obtained at ordinary pressure See 
abso Chapter 3, part 11. 

” Melene and other hydrocarbons of the hydro-aromatic series have been reported 
by Pictet and Gauhs \Helv. ( him. Act. 6, 627 (1923)] in the tar from hgnin dis- 
tilled at reduced pressure. Melene may be the main constituent of the paraffin-hke 
substance reported frequently in wood distillation products. 



TABLE XXVIII 

Yields of Alcohol and Acid from Various Species and Forms of Wood 
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TABLE XXIX 

Yields of Pyroligneous Acid. Charcoal and Tar from Various Species of V’ood 
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Many esters have also been identified but it is not necessary to enu- 
merate them since all possible combinations of the acids and alcohols 
may be present in equilibrium amounts. There are also many unidentified 
I)roducts esi)ecially in the alkali-insoluble portions of the ta^ oils and in 
the non-volatile part of the tar. It has been shown that acetone is not 
a primary product of the distillation, but is a decomposition product of 
the acetic acid first formed. The same is probably true of the forma- 
tion of the hijjher ketones from their corresponding acids. 

Quantity of Certain Products 

(Juantitative yields are available only on the crude products and on a 
few of the chemical individuals as metlianol, acetic and formic acids, 
methane and carbon dioxide. Tables XXVTJI and XXIX show the yields 
of methanol, total volatile acid calculated as acetic, pyroligneous acid, 
charcoal, and tar from various forms and sjiecies of American hard- 
woods. 'file figures were all obtained from distillations under similar con- 
ditions in a gas-fired retort holding about 100 pounds of wood.^® Similar 
figures are not available for softwoods but in general the yields of both 
methanol and acetic are one-half those from hardwoods. Carbon dioxide, 
carbon monoxide, and methane vary with the maximum temj)eratui es of 
tlistillation but at 350°-400“ C. the yields from hardwoods are about 8 per 
cent, 4 per cent, and 1.5 i^er cent resjiectively. The yield of water, aside 
from that occurring as such in the wood, runs from 22.3 per cent to 
27.8 per cent according to Klason ** and the.se figures correspond fairly 
well with those obtained by subtracting the alcohol and acetic acid from 
the pyroligneous acid in Table XXIX which gives a remainder that is 
mostly water. Formic acid m vacuuni distillation may be formed in 
quantities as high as 35 ]X'r cent of the acetic acid but in ordinary dis- 
tillation at atniosi>bcric pressuie it \arics from 10 to 20 jier cent of the 
acetic acid.^® 

'J'hc other constituents .shown in the list occur only in very small quan- 
tities, the total of the i)henol-nietli\ 1-ether grouj> making up only about 
1 per cent of the weight of the wood distilled and the total ammonia 
group jirobably less than 0.2 per cent. 

Relation of Composition of Wood to the Products of Distillation 

'Pins subject is best developed by recounting what little has bfen done 
on the distillation of cellulo.se and lignin by themselves and filling in the 
rest of the picture by hypothesis The subject is rendered difficult by 
the lack of knowledge of the comjxisition of the celluloses distilled and by 

Klason, loc ctt. 

‘Mlawlcy and Palmer, Dej)! A8:r Bull. 129. Palmer, Dept. Agr. Bull. 508. 

T'almer, J hid. Urn/ Chem . 10, 262 (1918). 
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the possibility that the lignin had been modified by the process of iso- 
lation. Also the cellulose and lignin do not make up the whole of the 
wood substance and other constituents must be the source of certain 
products. ^ 

In connection with his first work in wood-dislillation, Klason^^ dis- 
tilled several kinds of cellulose and analyzed the jiroducts in comparison 
with wood-distillation products obtained under the same conditions. The 
main differences were found in yields of the i>rodiKts shown in Table 
XXX. In general the yield of charcoal from the wood was slightly higher 
than from the cellulose, althougli there is one exception m the case of 
hirch. This will be discussed in more detail later 'I'he same is true with 
the tar, hirch being the only exceiition to the rule of higher yields from 
the wood. 'J'he unusually high yield of tar from pine wood is undouhtedly 
due to resin. 

Methanol is found only in traces m the cellulose pro<hi(ls and these 
traces may he due to small residues of lignin in the im[)me uood cel- 
luloses used. The source of the methanol is, therefore, the lignin as 
might be expected from the presemee of methoxyl groups ('I'here is 
however, no direct relation between the amount of methoxyl in a wood 
and the amount of methanol which may he ohlamed by distillation.) 

'Idle acetic acid yields show that although some acetic acid conies from 
the cellulose, the wood gives very much more. It is also interesting 
to note that the hardwood celluloses give more acetic acid than the cotton 
or .softwood celluloses, m keeping with the higher yields from the hard- 
woods. Klason suggested that tins ixmited to the iR'iitosans m wood as 
the source of much of the acetic acid on distillation. 

The methane is also higher m the woods than in the celluloses as 
might he exjiected if the methoxyl grou]>s are the source of the methane 
The yields of methane from cellulose agree closely with those obtained 
by llawley and Aiyar,^^ hut these authors obtained considerably more 
methane from wood, as much as 1 6 ]>er cent in the case of incense cedar. 

More recently Ju.scher and 'TropsclM^ have reported the distillation of 
cellulose, wood and lignin, under the same conditions and the examination' 
of the products. "I'he distillations were made under reduced pressiue 
so that the results cannot he comi)ared wdth tlujse of Klason. I'nfor- 
tunately also, the cclhikise used was described only as a hleached com- 
mercial pulp and there is no analysis of it, or even a statement as to 
what sjx*fies of wood it came from The results of these distillations are 
shown in Table XXXJ. The charcoal is seen to be low from the cel- 
lulose, high from the lignin, and mtei mediate from the wood and this 


'' Loc cit. 

•‘V hid Eng. Chem, 14, 1055 (1922). 
“/^cr. 56B, 2418 (1923). 



TABLE XXX 

Yields from the Destructhte Distillation of Wooes and Celluloses 
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does not correspond with the results obtained by Klason at atmospheric 
pressure. It does correspond, however, with the results obtained by 
Hawley,^® who reports an unusually high yield of charcoal in distilling Bf 
partly hydrolyzed wood, i.e., one from which the cellulose had been i^rtly 
removed. • 

The “water-soluble dry residue” is very high from the cellulose, very 
low from the lignin, and intermediate from the wood. This material 
apparently consisted largely of l.'evoglucosan in the case of the cellulose 
and wood distillates. Although the pure com|X)und could not he isolated, 
yet by polarization, it was detcrpimed that the vield of lacvoglucosan from 
cellulose was about 15.8 per cent and from birch wood about S.S per cent. 

The “alkali-soluble water-insoluble” figures represent approximately 
the phenol constituents of the distillates and it is interesting to note the 
high value for w’ood and lignin and the low value for the cellulose. ITis 
corresixmds with the hyi-Xithesis that these aromatic conij>ounds must have 
their origin mostly in the lignin and uith the fact that most of the phenols 
are methyl ethers and that the methoxyl groujis for their formation occur 
in the lignin. 

In the case of all the products, excejit tlie acid products shown in the 
last three columns, the values for the jiroducts from the wood lie, as 
might he expected, between those from the cellulose and those from the 
lignin. lOspccially in the case of the volatile acids shown in the last 
column, the yields from the wood are much higher than from either the 
cellulose or lignin and Fischer and 'rroj)sch attempt to explain this l)y 
assuming that the lignin distihed had suffered a loss of acetyl groups 
during the process of isolation from the wood. This assumption is not 
necessary, however, because the acetic acid in the wood-distillation prod- 
ucts may come largely from the |>entosans which are present in the 
original wood, but to only a slight extent in commercial paper jmlp, and 
not at all in lignin This explanation of the high volatile acid yield from 
the w'ood is further borne out by the work of Klason showing higher 
yields (T volatile acid from hardwood cellulose than from softwood cel- 
lulose (sec p. 203). This point could be readily i)rovcn by distilling a 
wood cellulose isolated by tbe Cross and P>evan method and therefore con- 
taining a maximum quantity of pentosans. 

Although these distillations were made at reduced pressure, yet the 
results for acetic acid can be applied to distillation at atmospberic pres- 
sure, siecc Klason has shown that both acetic acid and methanol are pri- 
mary products not appreciably influenced by ordinary variations in con- 
ditions of distillation. Tn this work the methanol was not determined, so ' 
that we have no actual direct proof of its origin in the lignin, but all 
the other evidence points to that source. 

Ind. Eng Chem , 13, 301 (1921) 
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Ileuser and Scherer have distilled xylan and found that it gave 
only 7-8 jx^r cent of acetic acid, which is not enough to account for the 
greater yield from wood than from cellulose and isolated lignin. They 
believe, however, that it is still possible that the pentosans as they exist 
in wood may be the i)recursors of the acetic acid obtained by destructive 
distillation. 

Hawley and Aiyar have shown in some detail the distribution of 
the niethf)xyl groups among the various crude distillation products. They 
assume that methane is produced entirely from the methoxyl groups in 
the original wood and by analyzing the liquid and solid products for 
methoxyl and the gas for methane, they account for about two-thirds of the 
methoxyl. These figures are shown in the first, fifth and eleventh columns 
of Table XXXIT. The rest of the methoxyl is probably in the char- 
coal in comjHJUiids so ineil that the analytical reagent does not attack it. 
That there is methoxyl in charcoal [iroduced at ordinary wood distilla- 
tion temperatures of 4(X)° C\ is shown by the presence of methane and 
methanol in the jiroducts obtained by heating this charcoal to higher 
tenii>eratures. With these data in mind, we can proceed to a discus- 
sion of the probable source of the distillation products 

'fhe acetic acid comes partly from the cellulose and partly from the 
lignin, but only a small ]>ro]K)rtion comes from a ])artly purified cellulose 
(minus most of the pentosans) or from a lignin isolated by hydrolysis 
of the cellulose Probably most of the acetic acid comes from pentosans 
removed in the ]>re]iaration of pajier pulp and a ]>art from acetyl groups 
which arc lost in the isolation of the lignin, although there is no direct 
evidence of the latter source d'he formic acid jirobably comes from 
the ]K'ntosans also, although the lack of determinations of this acid in 
most of the ex|x*rimenlal work makes such a conclusion insecure. 

The methoxyl groups in the lignin are the source of the methanol, 
although only a variable part of them go to make u]) this jiroduct. This 
points to a difference in the method of attachment of a part of the 
methoxvl groups, but there is no information available on the details of 
this difference. Ritter has shown that only a ]>art of the methoxyl is 
found in the isolated lignin and he has even indicated a rough relation- 
shi]) between the amount of methoxyl not found in the lignin and that 
which can be obtained by destructive di.stillation. XTnfortunately in the 
destructive distillations of isolated li.gnin, the methanol yield has not been 
determined so this indication has not been checked. The lignin in solu- 
tion in soda piilj) licjuors is said to yield 'as much methanol on destructive 

^ Brennstoff rhenuc , 4, 24 (192.3) 
cit 

‘■‘““(Im Trcikolning,” p. 180. 

=‘Hlawley. Tnd Eng Chem , 15, 697 (192.3). 

^Ind. Eng. Chem , 15, 1264 (1923). 
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distillation as would have been obtained from the orif^inal wood, but this 
fact cannot be used for comparison here since this lignin is distilled in 
the presence of alkali and may therefore give an abnormally high yield 
of methanol. (See next section.) 

The alkali-soluble constituents of the tar, which are kirgely phenol 
methyl ethers, come largely from the lignin. 

The pentosans are obviously the source of the furfural and other furane 
products. Heuser and Scherer^® found 12-13 per cent furfural on dis- 
tilling xylan. 

The charcoal and gas come from both the cellulose and lignin, although 
the methane in the gas and the melhoxyl in the charcoal are due to the 
lignin only. 

Decomposition in the Presence of Chemicals 

'J'he fact that large projjortions, about two-thirds, of the methoxyl 
groups are not recovered as methanol in the ordinary distillation of wood 
and that under certain conditions (see ('haptcr 5, Part IV) as much as 
15 jier cent of acetic acid could be obtained from wood led to a study 
of the effect of the presence of certain chemicals on the yields of methanol 
and acetic acid. Bassett reported that Fremy had obtained acetone by 
di.stilling wood with S ])arts lime and in an endeavor to make the process 
more practical Bassett reduced the proixirtion of lime to 2}^ parts. Under 
these conditions he claimed to obtain 26 per cent of mi.xed ketones mostly 
acetone. Schorger later showed that Fremy had not u.sed wood but 
only sugar and starch, and that Bassett’s high yields were ])rohably due 
to faulty analytical methods Schorger found a maximum of 2.19 jicr 
cent acetone from three .sjiecies of wood distilled with 4 jxirts lime. 

I’almer was the first to work with small quantities of the “cata- 
lyzers” and to make more complete determinations of the products Tie 
worked especially with phosjihoric acid and found that maple chips im- 
]>regnaled with 7,6 jx't cent ]>hosphoric acid gave a considerable increase 
in methanol, but none in acid Beech wood treated with 4S to 9.7 jier 
cent phos]>horic acid gave increases in both methanol and acetic acid. 
Perhaps the most striking effect of phosphoric acid was on the tar yields. 
The presence of as little as 2 7 per cent phosphoric acid reduced the dis- 
solved, tar to about ^/lo Juid destroyed the settled tar almost entirely. 

Hawley later tried the effect of several other chemicals and found 
that as little as 0.5 cent of sodium carbonate in oak wood and 1,5 
per cent in maple wood gave large increases (100 jx'r cent and 60 i>er 

^ Loc cit 

( hem Met f'tui . 20, FKl (1010) 

Iiud riiem. 17, 944 (1925) 

“’7 Iinf hud Chem, 10. 264 (191S) 
hid Paw Chem, 14, 4,5 (1922). 
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cent respectively) in the yield of methanol without ap])reciably affecting 
the yields of acetic acid. Other mild alkalis had similar effects, but all 
the other chemicals tried gave decreased yields of both methanol and* 
acetic acid. In order to obtain the maximum effect of the sodium car- 
bonate, the Vood must 1)c completely impregnated and the best results 
are obtained by soaking sawdust in a solution of proper concentration. 
When oak and maple blocks 6 inches long were soaked in a solution of 
sodium carbonate, dried, and distilled, increases in methanol of only 16 
per cent and 9 jxir cent res])ectively were obtained and when similar 
blocks were more completely im^n'egnated with the solution by using 100 
])ounds pressure the increases were 50 ])er cent and 25 jx^r cent respec- 
tively. 

Similar work has recently been done on Jajxmese hardwoods and soft- 
woods."^ Five i)er cent KNd, increased the yield of methanol from fir 
wood by 50 ])er cent and 5 per cent (NH«)^CO( by 70 ]X!r cent. Sodium 
carbonate and irjH), ga\e effects on methanol similar to tho.se reported 
by Palmer and Hawley, 'fhe acid yields arc not reported in the abstract 
of this paper. 

The effect of phosphoric acid and sodium carbonate on the distribu- 
tion of the methoxyl g‘rou])s was studied by Hawley and Aiyar in an 
attempt to account for the increases in methanol Their results are sum- 
marized in Table XXXII. 

The incrca.se in methanol due to sodium carbonate is accompanied by 
a corresponding decrease of the methoxyl in the charcoal, dissolved tar, 
and gas in the case of incense cedar and oak woods The increase in 
methanol due to phosjjhoric acid is accomjxinied by losses of methoxyl 
in all the jiroducts, the sum of w’hich losses is greater than the gain in 
methanol. No hypothesis has yet been advanced to account for these 
effects of chemicals on the decomposition of wood by heat. 

Influence of Extraneous Substances 

Since the extraneous Mibstances are s»imetimes imi)ortaiit constituents 
of wood and arc given s|>ccial treatment in Chapter 5 T*art 1 1, it may 
be desirable to discuss briellv the effect of their presence on the products 
of wood distillation. In the case of longleaf pine wood, thete is an in- 
dustry which destructively distils the wood and obtains valuable products 
who.se osigin is largely in the resin. Longleaf pine wood is naturally 
very resinous and by .selecting old stumpwood and “lightwood” com- 
mercial (juantities of wood containing 22-24 ]X'r cent resin can be obtained. 
When such wood is distilled, the volatile jiortions ,of the resin, the 

‘ Miura, J. Chem. hid Japan, 27, 34 (1924). 

CM. 
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distillation as would have been obtained from the original wood, but this 
fact cannot l>e used for comparison here since this lignin is distilled in 
the presence of alkali and may therefore give an abnormally high yield 
of methanol. (See next section.) 

The alkali-soluble constituents of the tar, which are largely phenol 
methyl ethers, come largely from the lignin. 

The ixiiitosans are obviously the source of the furfural and other furane 
products. Henser and Scherer found 12-13 per cent furfural on dis- 
tilling xylan. 

The charcoal and gas come from both the cellulose and lignin, although 
the methane in the gas and the methoxyl in the charcoal are due to the 
lignin only. 

Decomposition in the Presence of Chemicals 

The fact that large pro])ortions, about two-thirds, of the methoxyl 
groups are not recovered as methanol in the ordinaiy distillation of wood 
and that under certain conditions (see Chapter 5, Part IV) as much as 
15 ]ier cent of acetic acid could be obtained from wood led to a study 
of the effect of the ])resence of certain chemicals on the yields of methanol 
and acetic acifl. Bassett rejiorted that Freiiiy had obtained acetone by 
di.stilling wood with S parts lime and in an endeavor to make the process 
more practical Bassett reduced the proiKirtion of lime to 2]'2 l>arts. Under 
these conditions he claimed to obtain 26 per cent of mixed ketones mostly 
acetone. Schorger later showed that Frcmy had not used wood but 
only siigat and .starch, and that Ra.ssett's high yickls were probably due 
to faulty analytical methods. Schorger found a maximum of 2.19 ikt 
cent acetone from three species of wood distilled with 4 parts lime. 

Palmer was the first to work with small quantities of the “cata- 
lyzers’’ and to medee more coinjdete determinations i»f the products. He 
worked e.spccially with ])hosphoric acid and found that nia]de chips im- 
pregnated with 7.6 per cent phosphoric acid gave a considerable increase 
in methanol, but none in acid. Beech wood treated with 4 8 to 9.7 per 
cent phosphoric acid gave increases in both methanol and acetic acid. 
Perhaps the most striking effect of phosphoric acid was on the tar yields. 
The presence of as little as 2.7 per cent jihosphoric acid reduced the dis- 
.solved tar to about Yi o and destroyed the .settled tar almost entirely. 

Hawley later tried the effect of .several other chemicals and found 
that as fittlc as 0.5 pc'r cent of sodium carbonate in oak woo,d and 1.5 
per cent in maple wof)d gave large incr«eases (KX) i>er cent and 60 i>er 
Loc. cit 

( hem Met I'.iu) . 20 . 100 ( 1910 ) 

^ hid Imq Che III . 17 . 944 ( 1925 ) 

'•‘"J hid I' Hi, (hem, 10 . 264 ( 1918 ) 
hid Hiuj Chem. 14,43 ( 1922 ) 
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cent respectively) in the yield of methanol without appreciably affecting 
the yields of acetic acid. Other mild alkalis had similar effects, but all 
the other chemicals tried gave decreased yields of both methanol and^ 
acetic acid. In order to obtain the maximum effect of the .sodium car- 
bonate, the \vood must be completely impregnated and tlie best results 
are obtained by soaking sawdust in a solution of proper concentration. 
When oak and maple blocks 6 inches long were soakecl in a solution of 
sodium c'arbonate, dried, and di.stilled, increases in methanol of only 16 
per cent and 9 per cent resi>ectively were obtained and when similar 
blocks were more completely iin]>regnaled with the solution by using ICX) 
ixjunds pressure the increases were 50 j)er cent and 25 ix?r cent respec- 
tively. 

Sinnlar work has recently been done on JaiKincse hardwoods and soft- 
woods.’’ love per cent KNO^ increased (he yield of methanol from fir 
wood by 50 per cent and 5 ])er cent ('NH,)oCO( by 70 ]x*r cent. Sodium 
carbonate and TTJ^O, gave effects on methajiol similar to those re^xirted 
by Palmer and Jfawlcy 'riie acid yields are not reported in the abstract 
of this ix'ii>er. 

The effect of phosphoric acid and sodium carbonate on the distribu- 
tion of the methoxyl groui)s was studied by JJawley and Aiyar in an 
attcmi)t to account for the increases in methanol. Their re.sults are sum- 
marized in Table XXXIT. 

The increase in methanol due to sodium caibonate is accompanied by 
a corresponding decrease of the methoxyl in the charcoal, dis.solved tar, ‘ 
and gas in the case of incense cedar and oak wofxls The increa.se in 
methanol due to phosphoric acid is accomixinied bv losses of methoxyl 
in all the jiroducts, the .sum of which losses is greater than the gain in 
methanol. No hypothesis has yet been advanced to account for the.se 
effcct.s of chemicals on the decomposition of wood by heat. 

Influence of Extraneous Substances 

Since the extraneous ‘ubstances are sometimes important constituents 
of wood and are given sjvecial treatment in Chapter 5 Part TI, it may 
be de.sirable to discuss brielly the effect of their jiresence on the products 
of wood di.stillation. Tn the ca.se of longleaf ]>ine wood, there is an in- 
dustry which destructively distils the wood and obtains valuable products 
whose ovigin is largely in the resin l.ongleaf pine wood is naturally 
very resinous and by selecting old stumpwood and “lightwood” com- 
mercial quantities of wood containing 22-24 |>er cent resin can be obtained. ^ 
When such wood is distilled, the volatile portions of the resin, the 

;Miura. J. Chem Ind Japan. 27, 34 (1924). 

Loc. cit. 
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turpentine and pine oil, pass over more or less unchanged according to 
the tem})erature control while the non-volatile portion, the rosin, is de- 
composed into volatile products. The products of distillation of the resin 
being oils (largely hydrocarbons) mix w'ith the tar formed from the wood 
and the very complex mixture known as pine tar is the resiSlt. 

There is also another industry using resinous longleaf pine wood as 
a raw material which recovers the resin by steam distillation and ex- 
traction without decomposing the wood. 'I'his process, however, hears 
no relatir)!! to the decomjxisition of wood by heat and therefore will not 
be discussed. I'urlher details of these two industries can he found in 
Monograph No. 13 on Wood Distillation. 

It has also been reported that another wood furnishes unusual products 
on destructive distillation Although ordinary wood tar contains many 
of the higher phenols, especially in the form of methyl ethers, redwood 
tar contains ]>hennl and cresol in sufficient cjuantity so that they may 
be separated in pure form as commercial products.-^'’ 1'hese unusual 
products are undoubtedly formed from the water-soluble tannin-like ma- 
terial in redwiKid since the stumpwood which is high in extractives is 
said to be the preferred raw material for the process and since there is 
no other known difference in chemical comiHisition of redwood which 
would account for these jiroducts. 

Aside from these two species, there is nothing definite known about 
the effect of extractives on the products of wood distillation In gen- 
eral it would be expected that any extractue would volatilr/e or decom- 
pose and add its jiroducts to those normally fornuxl from the w'ood. 
It is sometimes stated that certain woods give low yields of methanol 
or acetic acid because they contain resin or tannin, implying that the 
extractives ha\’e an effect on the yield of i>roducts normally obtained from 
the wood, but there is no evidenc'e that this is the case 

“JIuiul, U .S PaUMit 1.365,407 (Jan 11, 1921) 

“ See Part IT, Chapter 5 



Chapter 3 

The Hydrolysis of Wood 

The hydrolysis of wood has* heoii studied mainly from the stand- 
point of the formation of fermentable sugars and the final commercial 
production of ethyl alcohol. Many details of o])erati()n for obtaining the 
best yields have been worked out and satisfactory commercial processes 
have been developed without, however, obtaining sufficieiil detailed in- 
formation on which to base a comprehensive theory of the mechanism of 
the reaction In this chapter the attempt will be made to develop the 
subject from anfither point of view Starting with what we know of 
the chemical composition of wood, we shall attempt to work out the 
details of the hydrolysis tif the different constituents. This method may 
not be entirely satisfactory, but it is necessary in order to jioint out just 
where our information is lacking and where the future research should 
he directed. 

Hydrolysis of Cotton Cellulose by Dilute Acids 

As an introfluction to the subject, the hydrolysis of pure cotton cel- 
lulose will be discussed briefly 

The only figures we have on the very mild hydrolysis of cotton cel- 
lulose are those obtained by the standard determinations of “conected 
hydrolysis number ” This determination gives a measure of the amount 
of hydrolysis obtained on boiling with 5 ]>cr cent sulfuric acid for l.S 
minutes, expressed in grams ( u reduced ]>er 1()0 grams of cellulose, 
'fhe corrected hydrolysis number of several samjiles of purified cotton 
averaged about d.O ' which corresponds to about 1 5 per cent reducing 
sugars formed. With increasing concentrations of acid nr increasing 
temiieratures (hydrolysis under jiressure) or increasing jx^riods of time 
more and more cellulose can lx* hydrolyzed, but the hvdrolysis is only 
partial wijh dilute acids at atmospheric pressure, and the sugar formed 
when high concentrations or temiieratures are used is partly decomjxised. 
Wohl and Pilumrich “ have made some quantitative determinations of the 
hydrolysis of cotton cellulose with bj jx*!- cent and 3 per cent liCl at 

‘Report of Cellulose Committee of the Cellulose Division of the Amer Chem. 
Soc., hid hvq Chem, 15, 748 (1923). 

‘Z. anyew. Chem, 34, 7 (1921) 
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100° C. The results are shown in Table XXXIII expressed in per- 
centage of sugars, formed, computed from the original figures of grams 
Cu per 100 grams'^ccllulose by dividing by the factor 2, 

TABLE XXXIII 

Hydrolysis ok Cotion Cellulose with Diluie Acid 


Hours 

Per Cent Sugars Formed 

Yi Per Cent 1 1 Cl 

3 Per Cent HCl 

1 

0 77 

1.55 

2 

3 42 

4 

— 

4 78 

6 

1 38 

5 43 

12 

2 52 

7.50 

20 

4.75 

— 


They did not give corresponding figures on the loss in weight of the 
cellulose, but i)robably no appreciable decom|X)silion of sugar took place 
under these conditions. It was mentioned that after the solution was 
separated from the remaining cellulose, further boiling increased its 
reducing value, thus indicating the presence of a compound intermediate 
between cellulose and glucose. 

When the hydrolysis is carried out at higher temperatures (under 
pressures greater than atmosjiheric) the hydrolysis is greater even in 
less time and lower concentration of acid Simonson ® olitaincd the fol- 
lowing maximum amounts of reducing sugars wlien treating cellulose 
with varying concentrations of sulfuric acid and at \arying pressures: 

TAr.LE XXXIV 

Maximum Yield ok Sugars from the Hydrolysis ok Ckiiuiose at Various 



CoNCENrKAlJO.NS AND PRESSURES 

Atmospheres 
Pressure at Which 

Maximum Reducing 

arts Acid per 100 

Maximum Sugars 

Sugars in Per Cent 

Parts CcHulo.se 

W ere Obtained 

of Theoretical 

4 

12 

38 4 

8 

9 

43 1 

12 

8 

43 9 

16 

6 

45.0 


All the cooks were carried on for the same length of time' (1 hour) 
and when jiressures were used either higher or lower than those shown 
in the table, smaller amounts of sugar were olitained showing that the 
sugars were finally decomposed faster than they were formed when 
higher pressures were used. It was also admitted that the “reducing 
’Z anqcw Chon , 10, 2 1 9 (180S) 
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sugars” formed were probably not all sugars, but that other reducing 
substances were probably present. There are som^ other interesting 
observations in regard to the condition of the resilual cellulose, but^ 
this is all the information needed here for comparison with the hydrolysis 
of wood and* wood cellulose by dilute acids. 

Hydrolysis of Cotton Cellulose by Concentrated Acids 

By using concentrated acids under carefully controlled conditions, a 
nearly complete hydrolysis of ccllulo.se to i/-glucose can be obtained. The 
reaction is not a simple one, however, several intermediate products being 
obtained. According to Heuser^ the action of concentrated sulfuric acid 
on cellulose takes place in four steps : 

1. The formation of cellulose dextrin. 

2. The formation of sulfates of the dextrin. 

3. The saponification of the sulfates. 

4. The further hydrolysis of the regenerated dextrin. 

It will not be necessary to go into the details of these reactions since 
all that is required here is a basis for comjxirison with a similar reaction 
on wood. It is sufficient to note that these four steps may all be in 
progress at one time, that the isolation of any one of the intermediate 
products in pure form may be very difficult, and that experimental data 
on the subject are very few. 

Will.statter and Zcchineistcr have followed the hydrolysis of cotton 
cellulose in 41 jier cent HCl polcirimetrically and noted a break in the 
curve at about the third hour, while .Sherrard and J^'roehlke “ noted an- 
other decided break (constant value for the rotation of the solution) be- 
tween by 2 and hours. These sudden changes in the rate of change 
of the rotation indicate compounds intermediate between the original cel- 
lulose and final glucose, but no definite conclusions can be drawn as to 
what tyix? of compounds or to what extent they are formed. Evidently, 
however, a cellulose dextrin is one of the first products formed as in 
the case of the action of concentrated sulfuric acid. 

The hydrolysis of cellulose by either concentrated sulfuric or hydro- 
chloric acids can be accompli.shcd more rajiidly by diluting the concen- 
trated solutions after about three hours, and boiling the diluted solution 
to complete the hydrolysis. After the first step, i.e., the formation of 
the dextrin, the rest of the hydrolysis can be accomplished by dilute 
acids and under conditions which do not decomix)sc the gluco.se as it is 
formed. 

*“T^hrhiicli (Icr Cellulose Chemie,’’ 2nd F.d , FiikIisIi IransMtion, p, 138 

'Bcr, 46. 2401 (1913) 

Am CItrm Soc , AS, 1729 (1923). 
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Wohl and Krull ^ have shown the effect of different conditions on the 
amount of sugar formed by the hydrolysis, first with 41 per cent JIG 
at low temixjratuf^es and then by dilution and boiling. Table XXXV 
shows the effect (!."f the temixirature of the first hydrolysis. Ten parts 
of concentrated acid were used to one ])art of cellulose in* the primary 
hydrolysis. 

TABLE XXXV 

Hydrolysis of Ceiiuiosk with 41 Per Cent HCl 


Tcnipcnitiiri: of ihc primary hydrolysis .... 

O” 

20“ 

40“ C. 

Duration of the i)nmar> hydroly.sis . 

, 48 hrs. 

5 hr.s. 

5 hrs. 

Carbohydrate concentration during? .second 




hydrolysis 

10% 

10% 

10% 

Acid concentration during? .second hydrolysis 

1% 


1% 

.Sugar after dilution . 

20 .16% 

24.24% 

— 

.Sugar after boiling for 5 hour.s 

83 15% 

99 56% 

— 

Sugar after boiling for 8 hours 

93 Wo 

108 1-1% 

91 80% 

Residue 

1 1.34% 

3 22% 

2 .H% 

The ix.‘rcentage lig tires for .sugar ; 

arc based 

on the weight of the 

cellulu.se taken and the ligure 108.14 

ix:r cent 

IS, tbereftire, 

97.3 i>er 

cent of the theoretical figure for the 

yield of 

dextrose from 

ccllulo.se 


(since 1 gram of cellulose gives rise theoretically to 1 11 grams dextro.se). 
In fact, if the residue of 3 11 ])er cent is taken into considoralion, the 
ligure IS slightly higher iban the maximum theoretical vield. 'rhe.se 
figures show that the best temixirature for the jinmary hydrolysis is 
about 20“ C'. 'J'be.se ligiires and others .show that the best jx^nod for 
the secondary hydrolysis is about 8 hours, 12-hoiir periods decreasing 
the sugar yields in all cases. '1 he acid concentration and the cellulose 
concentration during the .secondary hydrolysis also have considerable 
effect, more than 1 ]>er cent JK'l and more than 10 per cent cellulose 
giving decreased .sugar yiekls 'J'lie wetting of the cellulose with two to 
three times its weight of water before bringing it in contact with the 
concentrated acid was beneficial. Tt was al.so noted that the lower yields 
of sugar due to high concentration of acid during the secondary hydroly- 
sis were acconipaiiied by lower fermentation elliciency, indicating that 
part of the reducing material was not fermentable. 

.Since neither the determination of total reducing sugars nor of the 
rotation is a satisfactory measure of the amount of inire glucose, Monier- 
William^ ** Ksolated and w'eighed the jHire crystallized ghico.se formed by 
the hydrolysis of cellulose, lie hydrolyzed the cellulose for one week 
in 72 jier cent sulfuric acid at room temiieratiire, then diluted to less 
than 1 per cent and boiled for 15 hours. Hy cojiper reduction and 
ixilarimetric methods the yields of gluco.se were lespectively 94.4 and 94 7 

' CeUulosi'Lhcymc , II, 1 (1921). 

•/ Chem Soc , 119, 803 (1921). 



THE HYDROLYSIS OF WOOD 215 

per cent of the theoretical, but only 90.67 i>er cent pure jrlucose could be 
obtained in crystalline form. 

Ktydrolysis of Wood Cellulose by Dilute Acid 

It has already been ]>ointed out in Chapter 1, Part IJ, that the crude 
wood cellulose isolated by the chlorination method is not the same as 
cotton cellulose, since it contains variable amounts of pentosans, mannans 
and glucosans. Its hydrolysis, therefore, is different from that of cotton 
cellulose both in the case with ^hich it can be effected (in part) and 
in the products formed. It has recently Ijeen retxirtcd " that the cellulose 
isolated from wood by the Cross and llevan analytical ])rocedure can 
be hydrolyzed with boilmj; water to a variable extent, dejicndinj^ on the 
conditions under winch it is jirepared The maximum hydrolysis seems 
to be obtained with samiiles of Cross and Pe\an cellulose which have 
been dried with some acetic or siilfuroiis acid still absorbed in them,^" 
and in one case where the acid was neiitrali/ed with ammonia before dry- 
inj]^, the loss m weight of the cellulose, due to hydrolysis, was only 4 per 
cent as compared with a maximum of 27 6 per cent. 

This hydrolysis is, therefore. a]>])arently a two-sta^je process start- 
injj with the residue from the chlorination process without dryinj^ (1) 
some unknown transformation takin<j place during drying, and (2) hydiol- 
ysis to a water-soluble material by boiling with water. 4'he first stej) is 
not the mam one, since simiile washing with large cpiantities of hot 
water does not remove a])])reciable (juaiitities of the cellulose and the sec- 
ond step is not a main one, since without the drying or the acid, only 
small amounts of water-soluble material are formed on boiling. Start- 
ing with the ]K»lysaccharides as they occur m the original wood, the 
jiroduction of this water-soluble material takes jilace in three stages, 
the first of which is the chlorination, since the drying and boiling of 
wood without jirehminary chlorination produces no hydrolysis of the crude 
cellulose. 

The water-soluble material obtained from isolated wood cellulose by 
this metliod is not a simple sugar or a mixture of simple sugars (mono- 
saccharides) since its reducing value is increased about fiveffild by hydrol- 
ysis with dilute acid. It also gives no test for mannose until after hydrol- 
ysis. It IS made up approximately of 30 ]ier cent mannose, 20 jK'r cent 
pentose, nnd the rest probably glucose. Not enough work has yet been 
done to make ]M)ssible any conclusions as to the exact comixisition and 
character of this material, but from the standjioint of the hydrolysis of 
isolated cellulose, it is enough to know that there is .such an inter- 

" Sherrard and Blanco, Ind. F.ng. Chem . 15, 1166 (1923). 

Ritter, Ind. Eng. Chem., 16, 947 (1924). 
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mediate product in the course of the hydrolysis to simple sugars. That 
there was some siil'h intermediate product has been indicated before by 
'' the fact that aftert^irtial hydrolysis of wood cellulose with dilute acids, 
the reducing value’^of the solution was increased by further boiling in 
the presence of acid, but the intermediate material was neveV isolated. 

Only a little other work has been done on the hydrolysis of isolated 
wood cellulose with dilute acids. In developing a method for determin- 
ing the hydrolysis number of isolated wood cellulose, Hawley and Fleck 
treated parts of the same sample of crude cellulose isolated by the 
chlorination method by boiling with diff^erenl concentrations of sulfuric 
acid for three hours. The loss in weight of the cellulose and the reduc- 
ing value of the solution were both determined. Up to a concentration of 
12 per cent acid, the amount of reducing sugars corresponded fairly 
well to the loss in weight of cellulose but beyond that concentration 
the sugars were dccom|K)sed almost as fast as formed. There was no 
decided break m the curve showing the relation between the concentration 
of acid and the loss in weight of cellulose. 

Mannose was not determined m those CAjicTiments, but from the work 
of Schorger,^“ it is probable that all the mannan was hydrolyzed when 
more than 5 per cent acid was used. .Schorger found that all the 
mannan was hydrolyzed from wood by boiling with five per cent HQ 
for three and one-half hours and we would exiiect the isolated wood 
cellulose to be hydrolyzed even more readily than the original wood. 

Pentosans were delermmed in the residual cellulose and although they 
were rapidly removed at the start, yet even after .SO per cent of the 
original cellulose had been liydrolvzed, the residue still contained three per 
cent of i:)entosans. 

The difference in the hydrolysis of cotton cellulose and isolated wood 
cellulose by dilute acids at atmospheric pressure is seen to be very great, 
the latter hydrolyzing much more readily, all of the mannan and a large 
])art of the iientosan being removed with case. There is also a glucosan 
portion of the cmde wood cellulo.se which is more readily hydrolyzed 
than any conesixinding iiart of the cotton cellulose. This is shown by 
the gluco.se present in that jiortion of isolated wood cellulose hydrolyzed 
by hot water. 

Sherrard and P>laiicf) have als(» given a few figures on the hydroly- 
sis of isolated wood celluloses under high pressure and corre.stiondingly 
high temixjrature. By treating with 5 jjer cent HQ at 115 pounvls steam 
pressure for 20 minutes, they obtained an average of 25 ])er cent reduc- 
ing sugars from the Cioss and I’evan cellulose from three species of 

“ Paper presented at the Baltimore meeting of the Am. Chem. Soc , April, 192S. 

“7 Ind Em) Chem, 748 (1917) 

^ E Am. them Sor., 45, 1008 (1923). 
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wood. For a direct comparison, they also cooked mire cotton under 
exactly the same conditions and olitained only 7.49 j4r cent of sugar. 
Here again the easier hydrolysis of tlie isolated wood i clliilose is clearly •• 
shown. It is interesting to note that hydrolysis iindJr these conditions 
gives very nArly the same amount of .sugars as were obtained by reflux- 
ing with 5 i>er cent HC'l for six hours at ordinary pressure. 

Hydrolysis of Wood Cellulose by Concentrated Acids 

I 

There is apparently much less difference lietween the hydrolysis of 
Cross and llevan wood cellulose* and that of cotton cellulose when con- 
centrated acid is used than when dilute acid is used. The conditions are 
such that the more resistant cotton cellulose is completely hydrolyzed 
and the more easily hydrolyzed portions of the wood cellulose are with- 
out much effect except that in some cases they seem to hydrolyze a 
little faster. Sherrard and h'roehlke have fidlowed the hydiolysis of 
cotton cellulose and Cross and r»e\an celluloses from wood in 41 per 
cent HCl by determining the rotation of the solutions at intervals until 
the reaction was complete aiul they found \ery little difference. Cross 
and ]^)evan cellulose from spruce (Fiica camidcmis) gave a curve almost 
identical to that of cotton, while a similar cellulose from a hardwood, 
birch {Fctida luica), gave the same general kind of a curve with two 
breaks m it, but the hydrolysis was more raj>id. A similar cellulose 
from Douglas fir {Fscudotsiuja l(LvifoIia) gave a curve intermediate be- 
tween those of the s[M'uce and the birch 'These differences may, how- 
ever, be due more to the dilferences in rotation of the various .sugars 
formed than to difference's in the speed of the hydrolysis. 

Heiiser and yXiyar’"’ have reported the hydrolysis of a wood cellulose 
by 71 i>er cent HoS(), 'Their w'ood cellulose had been rejK'atedly ex- 
tracted with caustic soda until it contained no more mannan and only 
about 3 ]>er cent pentosan, so that its hydrolysis resembled that of cotton 
cellulose and gave almo.st theoretical yields of dcxtro.se. 

Hydrolysis of Wood by Dilute Acids 

We have not suffleient data on the hydrolysis of the various carbo- 
hydrate comjionents of wood .so that we can foretell just what will hap- 
pen when wood is hydrolyzed and v\hat information we have on the 
isolated ^:ellulose from wood cannot be directly applied to wood as a 
whole since there is an evident change in i)roperties during isolation^ 
(see p. 215 for change in cellulose duriiig chlorination and drying). 
There are also two other factors which comi>licate the problem, (1) the 

^J.Am Chem Soc., 1729 (1922). 

“zT. angcw Chem , 37, 27 (1924). 
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presence of lijjnir and other materials which may hinder the hydrolysis 
l)y mechanical [>r(Hection and (2) the i)resencc of carbohydrates in the 
wood wliich are iiftc a ]>art of the crude cellulose. 

There is not nrjch information availalile on the subject of hydrolysis 
of wood l)y water alone, but a few isolated facts may be of interest, 
ddiere is in all woods a small amount of water-soluble material, a i>art 
of wbich may be carbohydrate "■ and this would j^ive a result similar 
to hydrolysis, viz., a su^ar m solution. It has also been noted that 
the so-called “hot-water-soluble’’ determined in the ordinary analysis 
of wood IS re^uilarly j^n'eater in amount tlian the “cold-water-soluble” 
although sufheient water is used ni determining the cold-water-sOluble 
material to dissolve much more if it were actually soluble. The hot- 
water-soluble is also different in comjiosition from the cold-water-soluble 
and the solution can be concentrated to one-(|uarter its original volume 
without throwing anything out of solution, indicating that a part of the 
hot-water-soluble is changed from its comiiosition in the wood, t>robably 
by hydrolysis, as a result of boiling with water. 

Ihnhng wood in water also forms traces of acetic acid Tn con- 
firmation of this is the statement that heating wet wood at temi)eratures 
far below the destructive distillation jxnnt gives ()() jx'i* cent volatile 
acids and traces of methanol. There are, however, no (juantilative de- 
terminations of sugars formed by merely boiling wood with water at 
atmosiiheric jiressure. 

Sherrard and l»lanco“'' have determined the reducing material formed 
by digesting s]>ruce wood {J'irca (amulrtisis) with water at 115 jiounds 
])ressure for 15 minutes, 'fhey found 4.45 ])er cent and 5.4S |)er cent 
of reducing material and when the residue.s were recooked wath acid, 
the sugars formed w'ere 17 61 per cent and 18.16 jier cent, resjiectively, 
gi\mg totrds ab(»ul the same as would li'i\e been obtained if the wood 
liad been cooked witli acad originally, 'J’lie composition of the reducing 
material obtained with waiter alone was not determined, but it was e\i- 
dently a ]>art of that obtained by hy(ha)lysi^ with acid. 

When wood is hvdrolvzed with boiling dilute acids at ordinary atmos- 
pheric pressure considerably more decomjxisition is effected and there 
are a few (luaiititative data, but not a complete series For instance, 
.Schorger found that mannose was completely removed from wood 
by boiling w'lth 5 jicr cent IICI for three and one-half hours, but he did 

R Cl Smith, }’}i\lopalhol(}(j\\ 14, 114 (1924) 

'‘H.iuUn, I'kck and Richards, hid Iiikj (.hem, 15 , hW (1924) 

h'orcst J’rodiicts Lah , Tech Ntitc No 15,'i, and Hergstrorn, Papierfahr., 11, 
305 (1913) 

Haw lev and Palmer, Tejit Agr Bull 129. 

^"hid l']ut ( hem . 15. 611 (1923). 

“'7 hid lnur Chem . 9 , 748 (1917). 
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not determine how much of other sujjars wa'^ form(|l. Sherrard and 
Blanco found |)cr cent of total reducing sugars formed on hoihng 

spruce wood {Ficca canndcnsis) with 5 ])er cent IK'l ftr six hours and 40^ 
per cent of these sugars were mannose. Ai>]xirently snyilar results can be 
obtained by Healing either at atmosiiheric jires^ure or at higher pressures, 
provided a longer ixiriod of time and a slightly more concentrated acid 
are used at atmosjiheric pressure — that is, the effect of time and acid 
concentration can be made to balance the effect of temperature. 

Miller and Sw'aiison have recently reloaded a senes of hydrolyses 
of spruce wood {Ficca canadcus-i^') by low ciaiceiilrations of hydrochloric 
acid with determinations of the amount of sugars funned and of C ross 
and Bevan cellulose removed. Their results are shown in d'ablc \XXVI. 

TAliLli XXXVl 

Hydkolysis or Si'kixe \Vo(H) iiy Djiuik Hvimot ht.ork. Ai.ii) 

(All figures except acid coiiconlralion in percentage of oriKinal wood) 


Reducing 

Lloncentra- Loss in Weight Sugar Formed 


tion of 

of Wood oil 

During 

1-ICl 

1 lydrolysis 

1 l\drolysis 

Per C'cnt 

Per Cent 

Per Cent 

0 05 

0 88 

2 21 

0 10 

12 72 

2 50 

0.15 

14 07 

4 54 

0 25 

14 75 

7 22 

0 50 

18 22 

12 52 

0 75 

20 12 

16 15 

1 00 

20 16 

16 27 

1 50 

18 78 

14 12 

2 00 

10 28 

15 24 

2.50 

20 17 

16 27 

2 00 

20 05 

17 54 


Reducing 

Cellulo.se in 


Sugar After 

Residue by 

Cellulose 

Reliydrol 

Cross and 

Loss on 

ysis 

Pevan Method 

1 Bdrolysis 

Per Cent 

I’er Cent 

Per Cent 

6 50 

51 18* 

7 70 

8.57 

50 06 

7.02 

12 07 

50 08 

8 80 

12 15 

50 80 

7 00 

16 28 

40 0() 

0 82 

10 00 

48 21 

10 57 

18 05 

48 61 

10 27 

17 24 t 

48 74 

10.14 

17 48t 

48 62 

10 26 

18 67 

48 70 

10 00 

10 40 

48 70 

10 18 


" The ori^riiial woikI SS 8S jjer (iiil ( rass aiul l»i v.ui cellulose and SS ptr cent 

lignin 

t These ri In di oIys( s wcii ])iifoiiii(d with 1 5 and ' 0 in.i (.ml IK'I, wliilc tin ollitis wiic 
carried out with .1 jki ctiit 


This table show’s that with as little as 0 05 per cent llC'l at *>()‘^ C\ for 
six hours, the hydrolysis of the cellulose was very marked and the sugar 
formetl was less than the etiuivalent of cellulose removed As the con- 
centration of acid was increased to 0 15 and 0 20 iH*r cent, the amount 
of sugar ^formed continued to increase faster than the amount of cellulose 
decreased, indicating that the ]>oly saccharides other than those in the 
cellulose (probably “iKMitosans not in the cellulose”) were being hydro-^ 
lyzed Jt would commonly be cxiKvted that these jientosans would 
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hydrolyze more npidly than any part of the Cross and Bevan cellulose, 
but this is apparelitly not the case. Finally, when 0.75 per cent acid is 
•.\reached, the amouf c of sugar and residual cellulose reach constant values 
and remain constant even when the concentration of acid has reached 3.0 
per cent. The final sugar value is greater than the equivaleni of cellulose 
removed, again indicating the formation of sugars from material not in 
the Cross and Bevan cellulose. 

According to these figures, about 10 per cent of the wood or 17.4 per 
cent of the cellulose is much more readily hydrolyzed than the remainder. 
The third and fourth columns of Table XXX VI not only indicate the 
presence of an intermediate compound in the hydrolysis of wood cel- 
lulose to simple sugars (as mentioned on p. 215) but also indicate that 
the carbohydrates not in the cellulose form a similar intermediate com- 
pound of lower reducing value since the difference between the figures 
in the two columns is greatest at .10 to .25 per cent acid where the 
amount of loss of cellulose is the least. It would be very interesting 
to have this series of hydrolyses relocated with determinations of pentosans 
in the wood and in the cellulose after each hydrolysis and of ijentoses and 
mannose in the sugars after each rehydrolysis. 

When we come to describe the hydrolysis of wood with dilute acid 
at high pressure, the picture cannot be drawn in detail — there are not 
sufficient data. From what we have already seen of the composition 
of wood and the behavior of different components on hydrolysis, several 
different reactions can be expected: 

( 1 ) The formation of acetic and formic acid from the acetyl groups 
in the lignin as shown by the “acetic acid by hydrolysis” determination 
in the analysis of wood. 

(2) The formation of a small amount of methanol by splitting off 
methoxyl groups. 

(3) '^riie hydrolysis to glucose of any starch present in the wood or 
to the corresjxinding sugar or sugars of any other extractives in the wood 
such as gums or tannins which give .sugars on hydrolysis. 

(4) The hydrolysis to pentoses of the pentosans which are not a 
part of the crude cellulose sejxirated by chlorination and which might 
therefore be expected to be the next most readily hydrolyzed carbo- 
hydrates in the wood after the starch. 

(5) The hydrolysis of the hemicellulosesr to the corres|X)nding sugars. 

(6) A partial attack on the resistant cellulose (i.e., the cellulose residue 
similar to cotton) the amount depending on the time, acid concentration, 

* and temperature. 

Siijicrposed on these reactions there is a set of secondary reactions: 

(a) The decomixisition of pentoses by the acid giving furfural and 
formic acid. 
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(b) The , decomposition of the hexoses by the acidigiving acetic and 
formic acids and other products. j 

These primary and secondary reactions will be (ijscussed in order.#* 
Most of the data are taken from the two papers of Sllerrard and Blanco 
already cited^ 

(1) The average yield of acetic and formic acid from five cooks on 
white spruce wood with 1.8 per cent H2SO4, at 115 pounds pressure, 
and for 15 minutes was 1.54 per cent and 0.37 per cent respectively. The 
decrease in the amount of “acetic acid by hydrolysis” in the hydrolyzed 
residue, in comparison with anojher sample of the same wood was only 
1.20 per cent (from 1.32 per cent to 0.12 per cent), showing that a part 
of these acids comes from some other source. Cross has shown that 
the acetic and formic acids obtained by boiling wood with 2^2 i'>er cent 
H2SO4 as in the analytical determination come from the lignin, prob- 
ably from acetyl and formyl groups and these groups are almost com- 
pletely removed by the pressure hydrolysis. The source of the rest of 
the acetic and formic acid will be discus.sed in a later section. 

Kressmann has determined the amount of acetic and formic acids 
formed by the hydrolysis of several species of wood under the same con- 
ditions. His yields for white spruce (Picea canadensis') run a little 
higher than Sherrard’s. The princij^al interesting iK)int in this collec- 
tion of figures is that the hardwoods give generally much higher yields 
of acetic acid and a higher ratio of acetic to formic. These higher yields 
of acetic acid from hardwoods correspond with the higher “acetic acid 
by hydrolysis” as determined by analysis, but here again the latter figures 
are not high enough to account for all the acetic acid formed on pres- 
sure hydrolysis. The variation in the formic acid between hardwoods 
and softwoods is not explainable from ])rcscnt information 

(2) The methoxyl in spmee wood was decreased by hydrolysis from 
4.75 per cent to 3 99 j^er cent. It was not determined whether the amount 
of methanol formed was equivalent to the decrease in methoxyl but this 
was probably the case since Heu.ser and Schmelz have shown that 
the methoxyl in lignin can be almost quantitatively transformed into 
methanol by treatment with hydrochloric acid under pressure. The small 
amount of methoxyl removed by 1 8 per cent H2SO4 at 115 txmnds 
pressure apparently corres]X)nds with that readily hydrolyzed portion of 
the methoxyl that is removed during the procedure for the analytical 
separaticjn of lignin. Sherrard and Blanco call attention to the fact 
that although the amount of lignin has not been decreased by hydrolysis, 
yet the methoxyl has been decreased and they consider this an indication* 

” Dissertation, Gottingen (1910). 

“Dept. Agr. Bull., 983, p. 48 

^ Celluloscchcmie, I, 49 (1920). 

“Ritter, Ind. Eng. Chem., 15, 1264 (1923). 
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that a part of tfce methoxyl is not attached to the lignin. This con- 
clusion is not ne^fessarily indicated because the amount of lignin in the 
M original wood wafi determined by a method which also split off a part 
of the methoxyl fflom the lignin as it occurred in the original wood. The 
same line of reasoning could be as well applied to the “acetic acid by 
hydrolysis.” 

( 3 ) The question of the amount of sugar formed from starch during 
the hydrolysis of wood has never been investigated, in fact the amount 
of starch ]>rescnt in various sj)ecies and kinds of wood has never l)een 
determined (see p. 39). However, any starch present will undoul)tedly 
be readily hydrolyzed to sugar and probably more easily and quickly than 
any other carlx)hydrate in the wood. 

In the same group belong gums such as the galactan which occurs in 
western larch (Laris oc( idcnfalis). This is very readily hydrolyzed and 
increases in corresix»nding amount the sugars formed by any given 
hydrolytic treatment. There are j)robahly other gum extractives like 
this which give sugars on hydrolysis, but their effects have not been 
studied Tannins and glucosides may even give a small amount of glucose 
on hydrolysis, but this has never been considered in connection with the 
hydrolysis of wood. 

(4) Much the same condition prevails in regard to the i)entosans in 
the wood which are not a part of the Cross and Bevan cellulose, except 
that we have good figures for the amounts of those present in different 
species. Undoubtedly they arc among the fir.st components hydrolyzed, 
but no study has been made of their hydrolysis and their presence is 
commonly ignored when hydrolysis is discussed. Ritter and Fleck 
have shown that roughly one-third of the |>entosans in hardwood and 
one-half of those in softwoods are not ffuind in the cellulose isolated 
by the chlorination method. Sherrard and Blanco have shown that 
in spruce wood the total jientosans arc reduced by hydrolysis from 
10 76 tier cent to 1.79 per cent while the ^‘txfntosans in cellulose” on 
the same basis are reduced from 4.53 iier cent to 0.95 i>er cent. The 
IXintosans not in the cellulose are, therefore, reduced from 6.23 per cent 
to 0.84 per cent and jirobably the equivalent amount of jientoses is 
formed. The hydrolysis of this |)art of the tx'ntosans will be discussed 
further in the next section in connection with the other carbohydrates, 
but it should he noted here that we have no data, exccjit those of Table 
XXXV T, which show that they are hydrolyzed before or at the same 
time as the other carbohydrates. It would he a very simple matter to 

“ determine these points by a few mild hydrolyses with determination of 

“Kressmann, Dept. Agr. Bull. 98.3, and Sherrard, Ind Eng Chem, 14, 948 
(1922). 

Eng Chem , 14, 1050 (1922) 

^ Loc. cit. 
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the amounts of i:>entoses formed and the amount of “peltosans not in the 
cellulose*' remaining. j 

(5) We have seen that the Cross and Rcvan cellidose isolated from 
wood contains certain ]X)rtions that are more readilj' hydrolyzed than 
other [jortioi^s of the wood cellulose or than cotton cellulose, 'fhere 
is a little doubt as to whether the same constituents, as present in the 
origirial wood, hydrolyze just as readily (see p. 218) hut it is certain 
that they still hydrolyze more readily than cotton cellulose There are 
no complete figures as to just the order in which the various sugars are 
formed, but the comjdex isolated by Sherrard and Blanco (sec p. 215) 
indicates that considerable portions of the mannose, ix*ntose. and glucose 
are formed at the same time. The variation in the comixisition of the 
complex, however, makes it impossible to compute any satisfactory figures 
for the exact ])roiK)rtions of those sugars simultaneously formed. The 
only general statement that can be made on the order of the hydrolysis 
of the different sugars is that there is no exix'rimental evidence of one 
sugar being formed in advance of the others It is very desirable that 
someone make a series of partial hydrolyses of wood with complete 
analyses of the residue and of the hydrolyzatc Sherrard and T)lanco 
have made these complete analyses for one hydrolysis only and their 
results have been of great value in develoiiing this chapter. 

Galactose has been frecinentlv identified among the sugars from the 
hydrolysis of wood but, excejit in the case of western larch wood where 
a water-soluble galactan is known to be present, the exact source of 
the galactose is not known. Since water-soluble galactans have not been 
found in the other species, the galactose probably results from the hydroly- 
sis of the cell wall constituents along with the mannose and pentoses. 

There is no sharp dividing line between the hydrolysis of the hemi- 
celluloses and that of the residual cellulose. 'Phis is to be exjXTted from 
the fact that cotton cellulose even shows some hydrolysis under the con- 
ditions required for a complete hydrolysis of the hemicelluloses (see 
Table XXX). 

(a) The decomposition of the primary jirodiicts of hydrolysis of 
the wood, the simple sugars, is imjiortanl since it takes place under the 
conditions re(|uired for the maximum sugar formation. It is to be ex- 
pected that the pentoses would be ]>arlly decomixised to furfural under 
the conditions of moderate hydrolysis. When spruce wood (Picca 
canadensis) is cooked at 115 jxmnds pressure with 1.8 jicr cent acid 
for 15 minutes, 3 71 ix:r cent furfural is formed on the average and 
this is equivalent to 5.10 per cent jx^ntosans, and still another iK)rtion 
may be decom|x)sed to give formic acid as shown by Kfessmann.^^ This 

"U. S. IM- of Agr. Bull. 983, p 31. 
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shows that a ci^nsiderahle portion of the pentosans may form other 
products than pejjitoses during hydrolysis. 

(b) Glucose is also decomposed under the conditions of its formation 
by hydrolysis as ^shown by many series of hydrolysis of wood or cel- 
lulose under conditions of gradually increasing severity ubtil finally the 
glucose is decomix)sed faster than it is formed. Neuman has made a 
detailed study of the amount of decomposition of glucose at different 
temperatures and acid concentrations and as a result placed the “critical 
point” at 175° C. above which temi>erature the hydrolysis of cellulose 
to glucose should not be attempted on account of rapid decomposition 
of glucose. Sherrard and Gauger have shown that mannose decom- 
ix)ses at about the same rate as does gluco.se. The rate of decomposi- 
tion of galactose under similar conditions is not known, but this sugar 
is comi>aratively unimp<irtant in amount. 

It is evident from the data of many investigators that there is a 
maximum amount of sugars which can be formed by the hydrolysis of a 
given wood and that within certain limits variations in the time, temjxira- 
ture or acid concentration do not have much effect on this maximum. 
And yet, there is always a residue of celhdose left imhydrolyzed after 
this maximum is reached. The favorite explanations for these facts are 
(1) that the residue of unhydrolyzed cellulose has been changed to a 
more resistant form which withstands further hydrolysis and (2) that 
an equilibrium is finally reached with increasing severity of treatment 
or with increasing amounts of sugar in solution, where the decom|xjsition 
of the sugars is as rapid as their formation. I’olhi these ex])lanations 
may have a value but the first is not well supported by experimental data 
and the second requires additions in order to explain all the facts in re- 
gard to the yields of .sugars from different cellulosic materials. 

TABLE XXXVII 

Repeated Hydrolyses of the Same Wood 





Estimated 

Per Cent 
Sugar on 

Number of 

Conditions of 

Sugar, 

Cellulose 

Cellulose 

Hydrolysis 

Hydrolysis 

Per Cent 

Present 

Present 

1 

HCl for 1 hour at 
100" C. 

183 

55 

33 8 

2 ' 

HaSO^ for 15 min- 
utes at 170“ C 

13 1 

39 

33.5 

U 

3 

HjSth for 15 min- 
utes at 170“ C. 

74 

27 

27.4 

4 

TlsSO^ for 15 min- 
utes at 170“ C. 

5.4 

20 

27.0 


” Dissertation, Dresden (1910). p 31, also reported bv Kressmann, loc. cit. 
•-•Ind. Emj. Chem., 15, 1164 (1923). 



THE HYDROLYSIS OF WOOD 


225 

It has been shown by Neuman that wood or cellulose Ian be repeatedly 
hydrolyzed under the same conditions and continue tu yield sugar on 
each hydrolysis. His data are not sufficiently complete to determine ac- ^ 
curately whether the residual cellulose hydrolyzes as readily as the original, 
but by a fe\^ assumptions and calculations some light can be thrown 
on the subject. His data are shown in the first three columns of Table 
XXXVII. In column 4 are the estimated amounts of cellulose present 
figured from the amounts of cellulose probably removed by the i)reced- 
ing hydrolyses. In the first hydrolysis, it is assumed that a ]>art of 
the sugar comes from non-cellulose constituents, as was found to be 
the case during the discussion on p. 210. After the first hydrolysis, 
the loss in cellulose was assumed to be a little greriter than the equivalent 
of the sugar formed in order to allow for the decomixisition of a small 
part of the sugar. These calculations are rough and it cannot be ex- 
pected that the results are accurate, but they make it ]x>ssil)lc to compute 
the approximate percentage of sugar formed on the basis of the cellulose 
present at the beginning of each hydrolysis .Such computations, .shown 
in column 5, indicate that the case of hydrolysis of the cellulose has 
not been affected to any great extent by rei>eated hydrolyses especially 
when we consider the probable protective action of the increasing propor- 
tion of non-cellulose material present after each hydrolysis. 

Direct comparisons cannot be made between Ihe first and second hy- 
drolyses because they were not made under the same conditions and 
because the first had the chance to act on the more readily hydrolyzed 
constituents of the wood, while the .second had mostly the residue of 
nearly pure cellulose for its raw material. With the same conditions 
of acid concentration, temperature and time for the first and second 
hydrolyses, we would exi)ect a higher ])crcentage of sugar formed (on 
the basis of the cellulo.se present) during the first hydrolysis on account 
of the presence of these easily hydrolyzed materials. 

An explanation of the low maximum yields of sugar obtainable by 
one hydrolysis which assumes a modified and highly resistant residual 
cellulose cannot l->e accepted although it is true that there is present in 
wood a mixture of various rciidily hydrolyzed constituents which are 
first removed, leaving a residue of cellulose which is normally more 
resi.stant to hydrolysis. This residue, however, is still hydrolyzable 
under the same conditions used in obtaining the maximum sugar yields 
and somcfother explanation must be sought for the occurrence of this 
maximum while considerable cellulose still is present. 

Keeping in mind this readily hydrolyzable portion of the cellulose, 
let us examine the second explanation for the fact that less than theo- 
retical yields of sugar are obtained, i.e that with increasing severity of 
hydrolysis a point is finally reached where the sugars are decomposed 
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faster than theware formed. It has already been shown (p. 223) that 
glucose and mannose may be decomposed under the conditions required 
for moderate hydrolysis. It has also been shown that the pentoses de- 
compose even more rapidly than the hexoses since with increasing severity 
of hydrolysis a point is reached where total sugars do ndt increase but 
fermentable sugars do increase.** Sherrard and Gauger have reported 
some figures on the apparent decomposition of sugars during the actual 
hydrolysis of wood under increasing acid concentrations which are es- 
pecially interesting since they show the amount of cellulose hydrolyzed 
in every case. Their results are shown in Table XXXVIII. With 5 
per cent acid, the amount of sugars found are much less than the 
equivalent of the cellulose removed showing a considerable decomposition 
of sugars even aside from the “pentosans not in the cellulose” (see p. 
215) which must have been largely decomposed also. With the next 
higher concentration of acid, 10 per cent, the total sugars are about 
the same, but the fermentable sugars have increased showing the forma- 
tion of more hexoses, but the decomposition of more pentoses. Here 
again 1 1 per cent cellulose has been removed with the addition of only 
2 per cent to the hexose sugars. At the next higher concentration of 
acid, 15 per cent, both total and fermentable sugars are reduced although 
7 per cent more cellulose is removed and this continues with increas- 
ing concentrations until finally, although nearly all the cellulose has been 
removed, yet only a very small amount of sugar is left undecomposed. 

In the same article, these authors have shown similar figures for 
gradually increasing temjx'ratures and jxiriods of hydrolysis which show 
similar maxima of total and fermentable sugars, but unfortunately they 
did not determine the amount of cellulose remaining after these hydrolyses. 


TABLE XXXVIII 

IlYnuoLYSi.s OF Wood with Increasing Concentrations of Sulfuric Acid 
(All figures in percentages of original dry wood) 


Grams of 
HaS 04 per 

100 of Dry 

Total 

Reducing 

Fermcnlable 

Cellulose 

Cellulo.se 

Wood 

Sugars 

Sugars 

Unchanged 

Removed 

5 

21 98 

16 29 

31.70 

26.50 

10 

2154 

18.00 

20.46 

37.74 

15 

19.71 

16 10 

13 71 

44.50 

20 . 

16 00 

13 67 

8 95 

49.25 

30 

7 28 

2.70 

2.14 

56.06 


It would seem, therefore, that the mechanism of the hydrolysis of 
the carbohydrate portion of wood with about 1.8 per cent H2SO4 and 
115 pounds pressure is somewhat as follows: First, the most readily 

•* Kres'smann, loc cit . p 35. 

•^Ind Euy. Client., 15, 1164 (1923). 
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hydrolyzable portion of the Cross and Sevan cellulojji (about 13 per 
cent according to Miller and Swanson) is attacked, then the carbohydrates 
not a i^art of the cellulose, along with the rest of the easily hydrolyzable • 
part of the cellulose (about 4.7 per cent more) and finflly the residue of 
pure cellulosA In the first two parts of this attack, intermediate com- 
pounds are formed, but under the conditions of hydrolysis assumed here, 
they do not last long but are rapidly converted into the simple sugars. 
Under these conditions also, the three steps mentioned are not well de- 
fined but occur almost simultaneously. At the same time a part of 
the sugars are decomposed, the ^jentoscs more rapidly than the hexoses. 
With slightly less severe conditions, less sugar is decomposed, but less 
is formed, while with slightly more .severe conditions, although more 
sugar is formed, more is decomposed and the total sugars remaining are 
about the same. The only marked effect of variations in conditions is 
to influence the ratio of pentose to hexose sugars, although the more 
severe conditions may give slightly lower yields of total sugars due to 
the more rapid decomposition of the ixinioscs. 

It may be concluded, therefore, that the maximum yield of sugar will 
he determined largely by the amount and com])osition of readily hydrolyzed 
materials present, the relation of the total sugar yield to the amount of 
readily hydrolyzed material being governed by the decomiX)sition of the 
sugar under the conditions of formation. 

It is admitted that there are not sufficient data to make this con- 
clusion absolutely sure, but it is the best that can be offered until fur- 
ther exix*riinental work is done. Further evidence in its favor is the 
work of Sherrard on the hydrolysis of western larch.^" The wood with 
which he worked contained water-soluble galactan sufficient to form 10 11 
per cent reducing sugar on extraction with water and subsequent hydroly- 
sis. The extracted wood gave 19 64 per cent sugar when hydrolyzed for 
15 minutes at 115 lumnds pressure and with 1.8 jx'r cent sulfuric acid. 
When unextracted wood was hydrolyzed under the same conditions except 
at 107 pounds pressure, 29 0 ])er cent .sugar was obtained. Thus the total 
sugar is increased by very nearly the exact amount of additional easily 
hydrolyzed material present. 

Effect of Catalyzers 

Since the maximum yields from a given material are controlled by 
the equilibrium between the reactions of sugar formation and sugar de- 
composition, it seemed po.ssihle to hasten the former or retard the latter 
or both and thus obtain higher yields. Sherrard and danger have 
tried many catalyzers in an attempt to accompli.sh this with jxisitive but 

"Vm/ Enq. Chem, 14, 948 (1922). 

•'Ibid., 15, 63 and 1164 (1923). 
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small effects. Sjome of their most marked effects both favorable and 
unfavorable are shown in Table XXXIX. 

These results were all obtained by adding the catalyst to the 2.5 per 
cent H 2 SO 4 and ^ cooking at 115 jxiunds pressure for 15 minutes. Cer- 
tain of the catalysts increased the sugar yields slightly, but ft. is not known 
whether this was due to hastening the hydrolysis or retarding the sugar 
decomiX)sition, since no analyses were made of the amount of cellulose 
left in the hydrolyzed wood. Other of the catalysts reduced the sugar 
yield very much and most of these also reduced the proportion of fer- 
mentable sugars, although this last eflfqct may have been due to a chem- 
ical effect on the yeast rather than to an actual influence on the propor- 
tion of sugars present which would be fermentable in the absence of the 
catalyst. 

TABLE XXXIX 
Effect of Catalyzers 


Catalyst 

Total Reducing 
Sugars, 

Per Cent 

Per Cent 
Fermentable 

None 

21.14 

66.0 

1.25 per cent MrSO^ 

22.14 

64.4 

0.50 per cent C0SO4 

22.37 

66.2 

0.50 per cent l'fa(S04)3 

22.37 

65 6 

1 25 per cent ZnS 04 

20 06 

65.2 

1 25 per cent C0SO4 

2211 

70.1 

OK 

0.50 per cent CioH«< .. • 

23.17 

67.8 

COOK 

OK 

1.25 per cent CioII«< 

23.03 

67.7 

COOK 

125 per cent K 3 A 1 ,(S 04)4 

18 99 

48.4 

100 per cent UOafNOj)* 

15.94 

68.6 

2.00 per cent HaOa 

19.42 

64.6 

1.00 per cent HaOa 

17 68 

52.6 

1.00 per cent Fela 

15 18 

59.4 

0.50 per cent CoOa 

14.82 

54.2 

1.25 per cent NaaS 

7.46 

24.9 


In the previous discussion little has been said in regard to the effect 
of different acids, since it has been assumed that the hydrolytic action 
was controlled only by the hydrogen ion concentration of the acid used. 
This is probably true except as some other part of the acid may exert a 
catalytic effect on the hydrolysis. Shefrard and Gauger found* this to be 
the case with oxalic acid and henzenesulfonic acids which gave higher 
5 rields of sugar than corresponding concentrations of sulfuric acid. On 
the other hand, such highly dissociated acids as formic and tri-chlor acetic 
gave very low sugar yields. 
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The Hydrolysis of Different Species of Wood 

Kressmann hydrolyzed many different species of wood under identical 
conditions and determined total and fermentable sugars. The main 
differences found were between the hardwoods and the softwoods, the 
softwoods, for instance, giving between 20.02 and 23.61 total sugars 
with between 66.5 and 77.6 i^er cent of the total sugars fermentable, and 
the hardwoods between 16.60 and 21.24 per cent total sugars with between 
22.22 and 47.22 per cent fermentable. These figures do not include 
western larch (Larix occidentalis) which on account of the large amount 
of galactan present gave unusuafly high total sugars and an unusually 
low proportion of fermentable sugars.*‘“ There are no analytical figures 
available for these sixicies which indicate a relationship between chemical 
composition and sugar yields, except the higher percentage of pentosans 
in the hardwoods which would account for the higher proportion of 
unfermentable sugars and perhaps also for the lower total sugars (on 
account of the more rapid decomposition of the pentoses). 

The differences in total sugars among the softwoods are probably 
due to differences in the amount of readily hydrolyzable material in 
the original woods and the variations in proi)ortion of fermentable sugars 
are probably due to variation in the amount of i)entosans present. The 
latter conclusion has some data to confirm it, although the analyses and 
hydrolyses were not made on the same samples of wood. Table XL 
shows Cross and Levan cellulose, pento.san in cellulose, and total pentosan 
determination on four siiecies of softwood together with total reducing 
sugars and percentage fcrmentahle sugars obtained by hydrolysis under 
identical conditions. 

TABLE XL 

Relation Between Composition of Wood and Yields of Sugar on Hydrolysis 

Total Per Cent Pentosans 

Sugar, B'crment- in Total 

Per Cent able Cellulose Cellulose Pentosans 


White spruce (Picea cana- 
densis) 23 61 71.44 61.85 9 63 10.34 

Longleaf pine (Pinus palus- 

tris) 23.16 72 90 58 48 7.71 7.46 

White pine (Pinus strobus) . 21.00 7449 59 71 5.33 6.97 

Douglas fir (Pseudotsuga 

taxifolia) 21 13 75.16 61.47 5.34 6.02 


There is seen to be an inverse relationship between the amount of 
pentosans in the wood and the ]x*rcentage of fermentable sugars and 

" Sherrard, Ind. Eng. Chem., 14, 948 (1922), has since shpwn that the galac- 
tose can be fermented at the same time as the mannose and glucose by a proper 
control of the conditions. At the time of Kressmann’s work the galactose was 
considered unfermentable. 
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the high yields of^totaJ sugars are also associated with the high pentosans. 
If there were some analyses of the woods including the “hydrolysis num- 
«ber” of the cellulose for comparison, some further relationships could 
probably be established. 

In the case of the hardwoods, there is no apparent relation between 
composition and sugar yields. The softwoods have been studied in more 
detail than the hardwoods on account of the larger yields of fermentable 
sugars readily obtained from the former and it is possible that with hard- 
woods an increased severity of hydrolysis would produce a higher pro- 
portion of fermentable sugars in the total sugars, and even a higher total 
yield of fermentable sugars. On the other hand, if higher yields of total 
sugars were required regardless of the proportion of fermentable sugars, 
such a result could probably be obtained by less severe hydrolysis with 
correspondingly less decomposition of pentoses. 

Hydrolysis of Wood with Concentrated Acids 

This subject has not been studied so much as the hydrolysis with 
dilute acids since large and nearly theoretical yields of sugars are readily 
obtained and its problems are the economic and engineering problems of 
recovery of acid and development of proper constniction materials for 
the commercial apparatus. At one time this p>rocess was in commercial 
operation in Germany, but no details of operation are available except 
that concentrated hydrochloric acid was used and recovered by distilla- 
tion at reduced pressure. 

Most of the exp)erimental data available on the action of concentrated 
acid on wood are given by Wohl and Krull.®” Using j:onditions which 
they had previously worked out as best for cotton cellulose (except a 
much longer period, 20-24 hours, for the p^rimary hydrolysis) they ob- 
tained 67 and 70 p)er cent reducing sugar from two samples of spruce 
wood. No further examination of these reducing materials was made 
and in two other experiments on spruce wood where fermentations were 
run, an average yield of only 61 i>er cent sugar was reported. These 
sugars were fermented and alcohol obtained corresponding to about 18 
per cent of the weight of the original wood or only about 60 per cent of 
the theoretical yield if all the reducing material was dextrose. The authors 
explain this by a reversion to unfermentahle reducing substances of a part 
of the dextrose first formed due to the long continued primary hydrolysis 
and this may account for a part of unfermentahle material, but the pres- 
•ence of p^entoses is a simpler and surer explanation of another part. If 
it is assumed that the spruce wood contained 10 pxr cent i>entosans and 
that they were all hydrolyzed to pentoses, 11.4 per cent pentoses would be 


Cellulosechemie, II, 1 (1921). 
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found in tlie 61 per cent total sugars. These would account for nearly 
half the unfermentable reducing material. 

No analyses are given by the authors of the spruce wood they used , 
for their hydrolysis, nor were any analyses made of ^ the sugars aside 
from the feAientations, so it is difficult to discuss the subject of the 
relation of the composition of the wood to the products obtained. If, 
however, we assume 60.55 per cent yield of cellulose by the Cross and 
Bevan method (the authors give this figure by Renker for the kind of 
spruce with which they worked) and 10 i>er cent of total jx^ntosans 
with 5 per cent in the cellulose^ some interesting computations can be 
made. The 55 55 per cent cellulose consisting of hexose residues should 
give theoretically 61.1 per cent of hexose sugars and the 10 jier cent 
pentosans (part in the cellulose and part not) should give 11.3 per 
cent pentose sugars or a total of 72.4 jier cent reducing sugars. Of 
these sugars the 61.1 per cent hexoses should be fermentable with a 
yield of 31.2 per cent alcohol. The actual results obtained indicate the 
decomposition of hexose sugars equivalent to 31.2 — 18= 13.2 i^er cent 
alcohol or 25.8 per cent sugar, of which 14.5 per cent still gave a re- 
ducing value and the remainder of 11.3 per cent did not. This is on the 
assumption that all the pentoses remained as such without decomposition. 

In view of the much more nearly theoretical yields obtained from 
cotton cellulose, the opinion is .suggested that the fermentation experi- 
ments may have been at fault. If this is not the case, then the next at- 
tempt at higher yields of alcohol should be in the direction of shorter 
periods for the ])rimary hydrolysis. hA'cn if much less of the wood cellu- 
lose were attacked during the shorter period, there might still be more 
fermentable sugars left on account of less decomposition. 

The authors attempted to increase the yields by treating the wood in 
various ways, by chlorination, with caustic soda, ozone, ammonia, etc., 
and they succeeded in increasing the total reducing sugars by all the 
methods tned. Apparently, however, the alcohol yields were decreased 
in all cases. 

The use of concentrated acids for the hydrolysis of wood certainly 
has a great advantage over ddutc acids in the matter of alcohol yields, 
but the former method has several disadvantages: (1) necessity for using 
much greater amounts of acid which requires an acid recovery system, 
(2) muc]i longer time required for the jjiocess, and (3) the use of much 
more exjjensive apjxiratus in order to handle the concentrated acid. In 
the process just described, the primary hydrolysis required 20 hours, and* 
the secondary, 8 hours which would certainly be prohibitive in practice. 
However, as has been pointed out, the primary hydrolysis may perhaps 
be shortened without disadvantage and it seems certain that the secondary 
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hydrolysis could be shortened by using higher temperatures and still 
obtain the same results. 

In cases where large amounts of very cheap wood waste are available, 
the dilute acid pr^ess might he preferable, but with small quantities of 
more exj^ensive wood, the longer and more complicated process might 
l>e the better. 



Chapter 4 

The Delignification of Wood 

• 

The term “delignification” as used in this chapter applies only to the 
removal of lignin from wood, although it has previously been used to de- 
scribe attacks which were supix)scd to result in the separation of lignin 
from cellulose without the solution or removal of the former.^ The term 
has also been used to describe effects which were supposed to be, but 
obviously were not, due to the removal of lignin. The botanist and 
pathologist tn studying various fungal and chemical attacks on wood by 
microchemical methods, have frequently reported delignification to have 
taken place because jiarts of the wood took the cellulose stain after the 
attack, but not before, or because certain color leactions were absent after 
the attack.- It has been shown that wood can be made to take the cellulose 
stain by purely physical changes so that this cannot be considered an 
indication of the removal of lignin. Crocker * has shown that some of the 
color reactions of lignin arc due to groups that are very readily removed 
without much effect on the composition of the lignin, and therefore the 
lack of these color reactions cannot be considered an indication of de- 
lignification. Hubert’s assumption ^ that decay causes first a separation of 
lignin and cellulose, a delignification, later followed by a removal of one 
or the other or both components, is apparently due to the same kind of 
fallacious reasoning from color reactions. 

Since we have so little information on the constitution of lignin, it is 
not to be expected that many details can be given on the chemistry of the 
removal of lignin from wood. In fact, the development has Ixien in the 
other direction and most of the information we have on the constitution 
of lignin has come from observations of processes for delignification. This 
state of affairs is due to the fact that delignification has been develoi^ed 
as an analytical method for determining cellulose in wood and as com- 
mercial processes for making pai)er pulp from wood, this practical de- 
velopment taking place previous to any considerable knowledge of the* 

‘Hubert, /. Agr. Res., XXIX, 526 (1924). 

‘Spaulding, Mo. Bot. Card. Ann. Rep., 17, 41 (1906). 

"Robinson, Trans. Roy. Soc. London, Senes B, 210, 54 (1920). 

*/. Ind. Eng. Chem., 13, 625 (1921). 
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chemistry of wood. As in many other industrial chemical processes the 
how preceded the why. 

« There is a large amount of literature in English on the technical, com- 
mercial aspects of {he pulp and paper industry and the reader is referred 
to this if he is interested in that part of the subject.® In this 'chapter only 
those technical subjects will be referred to which have a direct bearing 
on the chemistry of wood. 

Del igni heat ion by Chlorination 

This subject has already been treated from the analytical standpoint 
in Chapter 6, Part III (and in Chapter 3, Part II) and will be included 
here only briefly for compari.son with other methods of delignification. 
It is generally considered (on very meagre experimental data) that the 
action of chlorine on wood in the presence of water produces a lignin 
chloride or lignone chloride ® which is not soluble in water but is rendered 
soluble by a water solution of sulfur dioxide or a sulfite. According to 
Ritter and Fleck ^ the action of the chlorine is at first very rapid but 
is soon retarded by the protection of the lignin-chlorine compound. After 
removing this with the sulfite solution, the chlorine again acts rapidly. 

According to Cross and Bevan ® in the chlorination of jute fiber, the 
amount of chlorine combining with the lignin is approximately the same 
as the amount given off in the form of HCl and this indicates that the 
action of the chlorine is a simple hydrogen replacement. The action of 
the sulfite on the lignin chloride is also said to be identical with its action 
on the chlorinated derivatives of pyrogallol, mairogallol and leucogallol. 
When wood is chlorinated, however, the reaction is more complicated. 
Heuser and Sieber ® have shown that the amount of chlorine combining 
with the lignin is less tlian one-third the amount given off as HCl, indi- 
cating a considerable oxidation as well as a hydrogen replacement. In 
the case of pine wood these authors found chlorine combining to the 
extent of 9.5 per cent of the weight of the wood and 31.3 per cent given 
off as HCl. 

The removal of lignin by chlorination of any one sample of wood 
leaves a fairly definite aggregate of carbohydrates since the conditions of 
the action can be varied to a considerable extent with very little effect 
on the amount or composition of the residue. Over-chlorination will pro- 
duce a residue containing more oxidized cellulose and less alpha-cellulose 
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(the decrease in the latter probably being a direct result of the formation 
of the former), but the total amount of residue remains remarkably con- 
stant.^® Under-chlorination will, of course, leave some lignin but this can» 
usually be guarded against by the color reaction with ^he sulfite solution 
which persists as long as lignin is present. 

Delignification by chlorination leaves a larger amount of carbohydrates 
as a residue than any of the other delignification processes and this may 
be one reason why it has been so largely used as an analytical method. 
Not all the carbohydrates of the original wood are in this residue since 
a large part of the i>entosans go into solution during the chlorination. 
There is no evidence that any hexosans, except such extraneous materials 
as starch or galactan, also go into solution and the amount of hexoses 
obtained from the Cross and Bevan cellulose and from the original wood 
by mild hydrolysis are so nearly the same’^ that in most cases all the 
hexosans are found in the crude cellulose isolated by chlorination. 

It is not known just what differences exist between the pentosans “in 
cellulose” and those “not in cellulose” to cause them to react differently 
on chlorination. It might be thought that the chlorination produces a very 
mild hydrolysis and that the mt)st readily hydrolyzed i:>entosans were, 
therefore, not separated with the more stable carbohydrates, but the 
work of Miller and Swanson has shown that some of the most readily 
hydrolyzed carbohydrates of the original wood are found in the chlorina- 
tion residue. It must be, therefore, that the i>entosans not found in the 
cellulose residue after chlorination are less strongly bound to the other 
carbohydrates and that they arc soluble in sulfur dioxide solution or are 
rendered soluble by the chlorination in some way other than by hydrolysis. 
Much information on these suppositions could be furni.shed by determining 
whether the “pentosans not in cellulose” existed in the washings from the 
cellulose residue in the form of pentosans or ])entoses. It is even possible 
that these “pentosans not in cellulose” are actually not bound to the cellu- 
lose but instead are connected more or less intimately with the lignin, 
giving rise to the controversy in reganl to whether the j^entosans some- 
times found in the lignin really belong there. 


Delignification by Acid Sulfites 

The removal of lignin by acid sulfites has been the basis of the prej^ara- 
tion of paper pulp from wood for many years. The first process de- 
veloped used a solution of sulfur dioxide in water, but lime was soon 
added to the liquor in order to correct certain disadvantages supposed to* 
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be due to the formation of sulfuric acid and sulfonic acids, and lime or 
lime and magnesia have been a part of commercial sulfite liquors ever 
tince. Recently, however, Miller and Swanson have found that the 
SO 2 as sulfurous acid was the main active reagent and Cross and Engel- 
stadt’* have shown that a nearly complete removal of the lignin can be 
obtained with sulfurous acid alone and at lower temperatures than when 
lime sulfite is also present. Various hypotheses have been advanced in 
regard to the actual chemical reactions involved and the comix>sition of 
the soluble lignin comixjunds formed but as has been seen from the chap- 
ter on the constitution of lignin, none 0 / these are entirely satisfactory. 
The fact that acid sulfites are the solvent agent has led to the belief that 
aldehyde groups in the lignin are somehow involved and for the same 
reason the formation of soluble “lignin sulfonic acids” is a very natural 
explanation. Since free sulfurous acid is the most important part of the 
“sulfite liquor” used, the reaction is sometimes considered to be largely 
hydrolytic. Since none of these hypotheses is complete and satisfactory 
and since the same subject has been discussed from the standix)int of 
lignin constitution in Chapters 3 and 4, Part II, no attempt will be made 
here to trace the main reactions of the lignin when wood is treated with 
sulfites. There arc, however, plenty of other data for discussion in con- 
nection with this delignification. 

The action of bisulfites on wood does not take place to any appreciable 
extent at ordinary temperatures and even at the boiling point of water 
the reaction is slow. With S ()2 alone the reaction is practically complete 
in about 15 hours at 100-115° C. The commercial processes using calcium 
and magnesium bisulfites may take from 8 to 20 hours, depending on the 
rate at which the temperature is raised and on the final maximum reached 
which is usually 140° to 155° C. 

'I'hc sjieed of the reaction in commercial processes is limited by slow- 
ness of the penetration of the chips and the lack of complete circulation 
of the liquor. Miller and Swanson^® working with sawdust in small 
apparatus and under conditions of rapid heating and pressures not ob- 
tainable in large commercial apparatus, found that the time required for 
the reaction was reduced approximately one-half for every 10° increase 
in temperature between 120° and 150° C., and that a change in sulfurous 
acid concentration from 1 per cent to 3 \^r cent also reduced the time 
required by about one-half. With a liquor containing 4 per cent free SO 2 
and cooking at 150° C., they obtained a 90 per cent removal of the lignin 
jin and one-third hours. 
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gradual change from wood to pulp is given in the report of a series of 
experiments at the Forest Products Laboratory.^® In order to obtain 
representative samples and known quantities of the pulp and the cooking 
liquor at different stages of the reaction, separate runs were made under 



Fig. 12. — Curves Showing the Action of Sulfite Liquor on Spruce Wood. 

identical conditions except that the charge was blown after different cook- 
ing periods from 7 to 13 hours. The amounts of pulp and liquor wertf 

•"Miller and Swanson, Paper Trade J., 74, No. 15, 295 (1922); Bray and 
Andrews, ibid., 76, No. 3, 49 (1923) ; Sherrard and Suhm, /. Ind. Eng. Chem., 14. 
931 (1922). 
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then determined and samples taken for analysis. The analytical results 
for cellulose and lignin in the pulp and sugar in the liquor (all based on 
jthe dry weight of the original wood) are shown in Fig. 12 together with 
the yield figures foj: pulp and the temperature curve. 

It is very noticeable that the cellulose was considerably decreased even 
during the first cooking jxiriod of 7 hours although only a small part of 
the lignin (even less in percentage than the cellulose) had been removed. 
During this period the chips were very little softened. The rate of cellu- 
lose removal remains very constant till about the eleventh hour when the 
reaction is practically complete. This removal of the cellulose even dur- 
ing the first stages of the process shows "the impossibility of obtaining by 
the sulfite process a yield of pulp which will corresix)nd with the amount 
of cellulose in the wood as determined by the chlorination method. 

The removal of the cellulose is due to a hydrolysis by the free .sulfurous 
acid forming various sugars and apparently this hydrolysis follows very 
much the same course and results in the same products as that produced 
by dilute hydrochloric or sulfuric acids (see chapter on Hydrolysis). 
The curve in Fig. 12 showing the amount of sugar present at different 
stages of the reaction docs not corresjwnd as it should with the loss in 
cellulose, the amount of sugar at all stages being less than would he ex- 
pected even if the Cross and lie van cellulose were assumed to be the only 
source of sugar. When it is considered that sugars must also be formed 
from the carbohydrates not a part of the Cross and Bevan cellulose, the 
shortage of sugars from the theoretical amount is even greater. This can 
be explained in two ways: (1) By the formation of polysaccharides inter- 
mediate between the cellulose and the simjde sugars which arc soluble (loss 
of cellulose) but do not give the reducing action of the simple sugars, and 
(2) by the decomix)sition of a part of the sugars formed. Both of these 
factors influencing the sugar yields have been shown in the previous chap- 
ter to be important in connection with the hydrolysis of wood. 

The first of these is probably of most impt^rtance during the first 
period, since the intermediate |H)ly saccharides are more rapidly hydrolyzed 
into simple sugars during the last part of the process when the tempera- 
tures are higher. This is shown by the fact that from the seventh to the 
eleventh hour more sugars are formed than are equivalent to the amount of 
cellulose removed. Five ]X!r cent -cellulose is removed equivalent to about 
5.6 per cent sugars, while 7 per cent sugars are formed. The decomposi- 
tion of the sugars probably takes place ^mostly during the latter part of 
the cook when the tem]'>eratures are higher. 

The sugars were unusually low during these cooks, probably on ac- 
count of the low concentration of free SOo, 2.39 per cent at the begin- 
ning of the cook. Another similar cook with 4.46 per cent free SOa 
gave 16.3 per cent sugars. In a digestion by the “quick-cook process” a 
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maximum yield of 21.6 per cent sugar is reported from spruce wood 
with a pulp yield of 48.8 per cent. Hagglund also says that with a 48 to 
50 per cent pulp yield it should be readily possible to obtain 16 per cenb 
sugar and he shows one instance of 20.5 per cent ^ugar from spruce 
wood with a^pulp yield of 48.5 per cent. These higher sugar yields are 
rather more than would be exi>ected if all the polysaccharides in the origi- 
nal wood, except those found in the pulp, had been hydrolyzed into simple 
sugars. Hagglund’s average figure of 16 per cent sugars and 50 per cent 
pulp yield, however, is very close to what would be expected. If we 
assume that the pulp contains 48 i^er cent of polysaccharides and that the 

16 

16 per cent sugars represent =144 per cent polysaccharides, then 

1.11 

the total polysaccharides in the original wood accounted for in these prod- 
ucts amount to 48 14.4 = 62.4 per cent. This allows for a decomposi- 

tion of part of the sugars to form furfural, acetic acid and other products 
thus accounting for the difference between 62.4 per cent and the total 
ix)lysaccharides in the original wood.®‘* 

The final residue of pulp in Fig. 12 is seen to contain about 4 per 
cent lignin and lignin is a common constituent of crude sulfite pulps. 
Bray and Andrews have shown from 1.3 to 7.8 per cent in commercial 
crude pulps. Undoubtedly this lignin could be more completely removed 
under more severe cooking conditions but only at the expense of decreased 
quantity of cellulose and poorer quality of pulp. The chemical changes 
which accompany an “over-cooked” or “burned” pulp are not known but 
the strength and color are markedly affected. It has been found that this 
residual lignin, if it must be removed, can be best removed by the bleach- 
ing process which improves the color without serious effect on the strength. 
The chemistry of bleaching will be taken up later. 

It is also noticeable from Fig. 12 that the sum of the lignin and the 
cellulose does not quite equal the crude pulp. It is not known in detail 
what this other material may be, but it is partly ash, partly “pitch” (resins 
or fats) and perhaps partly substances similar to the cellulose or lignin 
that are not separated along with these constituents in the analytical pro- 

” Sherrard and Siihm, Ind. ling. Chem., 17, 194 (1925). 

^Svensk. Kern. Tids , 36, 133 (1924). 

36, 284 (1924). 

*We believe that Hagglund’s figures of 69 7 per cent total carbohydrates in 
spruce w«od are too high. With 28 per cent lignin this allows only 2.3 per cent 
for “resin, ash, protein, etc ” The resin, ash and protein will commonly make up 
more than 2.3 per cent, leaving a minus quantity for the “etc,” which is really p, 
considerable figure in wood composition. 

“The use of the word “pulp” to indicate the residue aftej the cooking process 
is recommended. Through mistranslation of the CJerman word “Zellstoff” the word 
“cellulose” is frequently applied to this material. 

“Loc. ctt. 
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cedure. The pulps separated at the eleventh hour and beyond showed from 
0,2 to 0.8 per cent hot water soluble material, from 5.3 to 5.9 per cent sub- 
^ stances soluble in 1 per cent NaOH, and from 1.00 to 1.95 per cent ash. 

The amount of material soluble in 1 per cent NaOH (corrected for 
the hot water soluole matter) is shown in Fig. 12. It is not known just 
what this consists of but it is commonly considered that a part of the lignin 
and a part of the pentosans are dissolved by caustic soda. This material, 
whatever it is, is not appreciably affected in total amount during the first 
nine hours’ cooking but diminishes to a nearly constant value of 5 to 6 
jxjr cent at the eleventh hour and beyond. Apparently the cooking process 
renders some part of the wood, probably d part of the lignin, more soluble 
and this counterbalances the removal of another part of the alkali-soluble, 
probably some of the pentosans, and makes the total the same. Finally 
most of the lignin is removed and the alkali soluble matter diminishes and 
remains constant at a point higher than the residue of lignin. 

In the series of analyses plotted in Fig. 12 the determination of jjento- 
sans was not included cither on the total pulp or on the cellulose so that 
wc do not know at what rate they are removed by the cooking process. 
There are some figures, however, on the amount of pentosans and man- 
nose-yielding residues in commercial sulfite i)ulps. Mahood and Cable 
found that from a softwood containing 14 jier cent pentosans an incom- 
I)lctely cooked sulfite pulp with a yield of 61.2 per cent of the wood con- 
tained 8.5 i>er cent pentosans, while a well-cooked pulp with a yield of 47.3 
per cent contained 6.6 per cent. Figured on the basis of the original wood 
those percentages are 5.2 and 3.1, of which 4.3 ])er cent and 3.0 i>er cent, 
resjxictively, were found in the cellulose isolated from the pulp by the 
chlorination process. These figures show that in the first part of the 
sulfite cooking process, corresixmding to about the ninth hour in Fig. 12, 
about 40 per cent of the pentosans still remain in the pulp and of these 
about 33 per cent were in the cellulose and 7 j>er cent not in the cellulose. 
A well-cooked pulp, corresponding to about the twelfth hour in Fig, 12, 
still contained 22 per cent of the ix;ntosans of the original wood, prac- 
tically all of which were found in the cellulose. 

Hagglund reports that a sulfite pulp representing 47.1 per cent of 
the original spruce wood contains on an average 6.1 per cent of “ix)ly- 
saccharides of high molecular weight” which on hydrolyses yield 2.8 i:>er 
cent mannose, 2.1 per cent xylose and 1.2 per cent fructose. Sherrard and 
Blanco have also reported 2,0 per cent mannose and 2.2 per pent pen- 
toses from sulfite pulp but they did not report any fructose among the 

* “ See chapter on Deterioration, where it is shown that a partial removal of the 

cellulose renders the residue more .soluble in NaOH, 

“/nd. Eng. Chem., 14, 727 (1922). 

^ Papierfabr., 23. 399 (1925). 

“/nd. Eng. Chem., 15, 611 (1923). 
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sugars obtained by hydrolyzing spruce. Lenze, Pleus and Muller found 
mannose and xylose but made special attempts to identify fructose and 
galactose without success. 

The methoxyl groups in the original wood are partly converted into 
methanol during the cooking process, but the amount is small, only a few 
tenths of a per cent. The rest apparently remain combined with the lignin 
in the liquor or in the crude pulp. Mahood and Cable have found 1.00 
per cent methoxyl in sulfite pulp but we have seen no determinations of 
methoxyl in the waste liquor although individual methoxyl determinations 
have been made on isolated ligno-sulfonates. 

Acetic and formic acids are al\vays products of the cooking of wood 
with sulfite liquor. Hagglund has made a detailed study of these prod- 
ucts and finds from 2.6 to 4.2 per cent acetic and 0.04 to 0.09 per cent 
formic acid on the basis of the original wood in a series of cooks under 
different conditions. There was no apparent relation between the condi- 
tions of the cook and the amount of acids produced, except that in general 
the lower pulp yields were accompanied by higher acid yields. 

The acetic acid formed in these cooks is considerably more than the 
‘‘acetic acid by hydrolysis” obtained by the analytical method. It is not 
known whether this indicates a different source for a part of the acid or 
simply a more complete reaction. Hagglund points out that the amount 
corresponds approximately to one acetyl group to one molecule of Klason’s 
a-lignin. It is also possible that a part of the acetic and formic acids may 
come from a decomposition of the sugars (see chapter on Hydrolysis). 

Furfural is also formed probably by the decomposition of the pentoses 
during the latter part of the cook but only to the extent of a few tenths of 
a per cent of the wood.®® 

Whatever volatile oils are present in the wood are volatilized by the 
high temperatures of the cooking process and the presence of steam so 
that they are removed from the pulp in the “blow-off” or pressure relief 
from the digester. In the case of the spruce wood used largely for the 
sulfite process in this country, the oils recovered in this way consist largely 
of cymene.®' The .same is true of the spruce used in Sweden.®® Among 
the higher boiling constituents of the crude “spruce turpentine” Wheeler 
and Harris have recently identified 1-borneol. No examination has been 
made of the composition of the volatile oil naturally occurring in spruce 
wood, so that it cannot be safely stated whether the cymene occurs in the 

prakt. Chem., 7-9, 213 (1920-21). 

“"/. Ind. Eng, Chem., 14, 727 (1922). 

^ Svensk. Kem. Tids., 36, 133 (1924). 

"Krause, /. Soc. Chetn. Ind., 29, 217 (1906). , 

“Schorger, /. Ind. Eng. Chem., 10, 258 (1918). 

”Klason, Ber., 33, 2343 (1900); Bergstrom, Papierfabr., 10, 359 (1912). 

Elisha Mitchell Sci. Soc., 40, 111 (1924). 
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wood or is a transformation product of a terpene which occurs ^in the 
wood. 

The spruce gum obtained by tapping the live tree yields a volatile oil 
which consists lar^gely of alpha pinene but since it has been shown that 
the volatile oil in a wood is not necessarily of the same dbmposition as 
that obtained from the live tree (see Chapter 5, Part 11) cymene might 
still be found in the wood. This is not probable, however, since terpenes 
are much more common than other hydrocarbons in wood resins. Aside 
from the volatilization of the oil, the resin is not appreciably affected and 
remains in the pulp. 

Waste Sulfite Liquor 

In commercial sulfite-jiulp processes the pulping liquor containing over 
half of the original wood in solution is largely a waste product. The 
fermentable sugars arc sometimes used as a source of ethyl alcohol but 
the formation and composition of these sugars have already been discussed 
and need not be further considered here. Kven this process is only a 
partial solution of the waste problem since the lignin products and un- 
fermentable stigars still remain to be disposed of. A great deal of work 
has been done on j)ossil)lc methods of utilization of sulfite liquor®® and 
such of the results as ha\e added to our knowledge of the chemistry of 
the subject have already been mentioned in the chapters on Lignin and 
Lignin Products Many suggested uses have been connected with simple 
group proi>erties of the whole material and have not given much indica- 
tion of chemical composition. Such uses include those of dust layer, 
briquet and core binder, tanning material, and fuel. Although a prep- 
aration from waste sulfite liquor is used commercially as a tanning ma- 
terial, is absorbed by the hide, and in connection with other tanning 
materials makes good leather, yet it is not necessarily a true tannin. The 
fusion of the sulfite liquor solids with caustic potash will be mentioned 
in the next chapter. 

Resistance to Attack by Sulfites 

Since it has not been shown that there is much difference in chemical 
properties between various species of wood, exce])t between the two 
classes of hardwoods and softwoods, it is sometimes difficult to account for 
the fact that many woods are resistant «to delignification by sulfites. In 
the case of the resinous pines the explanation is not difficult, since it is 
known that the resin is not affected by the cooking process (except for the 

•*Bun Imp Inst. 22, 31 (1924). 

•“A good bibliography of the subject is found in Bull. No 66 of the Forest 
Products Liiboratoncs of Canada by Johnsen and llovey. 
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volatilization of the lower-boiling oils) and probably exists in sufficient 
amount to furnish a mechanical protection to the wood fibers. The red 
cedars are probably resistant for the same reason, although the properties ^ 
of their resins are not so well known. Among the non-resinous woods 
which are diffltult to pulp are chestnut, red and white oak, catalpa, black 
locust, and redwood but all these contain unusual amounts of tannins or 
tannin-like, water-soluble substances which may account for the resistance 
to sulfites. There are, however, several woods which are very resistant 
to pulping by the sulfite process but are not known to contain any consider- 
able amount of extraneous materials which might account for the resist- 
ance. These are white pine, sugar *pinc, limber pine, basswood and slippery 
elm. The common explanation for the difficulty in pulping these woods 
is that there is something about their structure which prevents the pene- 
tration of the liquor into the chip but there are no known peculiarities of 
structure in these woods which confirm this explanation. 

Delignification by Caustic Soda 

The first commercial processes of making paper pulp from wood used 
caustic soda for the dcUgnifying agent but we know perhaps less about 
the chemistry of this process than of the later sulfite jjroccss. At least, 
less research work has been done and fewer hyixitheses offered to explain 
the details of the reaction. Since the lignin solvent is a strong alkali it is 
natural to assume that it combines with “lignin acids” but this conception 
has no exiierimental basis, at least so far as concerns carboxyl gremps in 
the original lignin It is moie probable that phenolic hydroxyl groups are 
involved in the formation of soluble phc*nolates. What little is known 
about the chemical reaction between lignin and caustic soda has been given 
in Chapters 3 and 4, Part II, and need not be rei^ated here. 

The attack on the lignin by caustic soda is apparently more rapid than 
that by sulfites, since the process on commercial pulp chips is practically 
complete in three to four hours. A direct comparison of speeds is difficult 
because the soda process uses a higher maximum temperature of about 
170° r. and the maximum temperature is usually obtained more rapidly. 
There are no figures available for comparison on the speed of the soda 
process when more finely divided wood is used, such as sawdust. 

Although we may know little of the detailed chemical reactions which 
take placav yet we have a fairly complete picture of the result of the re- 
actions expressed in terms of the comixisition of the pulp and the liquor 
at different stages of the process from original wood to finished pulp.®® * 

"Wells, Grabow, Staidl and Bray, Paper Trade J , 76, No. 24, 49 (1923) ; Bray 
and Andrews, ibid., 76, No. 19, 49 (1923) ; S. S. Aiyar, Ind. Eng, Chem., 15, 714 
(1923). 
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A series of cooks were made under the same conditions except that each 
charge was blown after a different cooking period of from one-half to 
seven hours. The cooking conditions were as follows : 


1. Weight of fchips 100 pounds dry weight 

2. Caustic soda 20 pounds!* 

3. Vol. of cooking liquor at start 25 gallons 

4. Time in reaching maximum temperature 1 hour 

5. Maximum temperature 170“ C. . 



Fig. 13.— Curves Showing the Action of Soda Liquor on Aspen Wood. 

Part of the results on one hardwood, aspen (Popidus tremiUoides) , 
and one softwood, jack pine {Pintts divaricata), are shown in Figs. 13 and 
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14. The other results which are not so suitable for plotting will be given 
later. Here, as in the sulfite process, it is noted that the cellulose is re- 
moved most rapidly at the start of the reaction, a part of the Cross and • 
Bevan celluloge, probably the most readily hydrolyzable part, being at- 
tacked and removed while there is considerable lignin still left in the pulp. 
This again points to the impossibility of obtaining yields of pulp com- 
parable with the Cross and Bevan cellulose in the wood. The jack pine 
apparently has more of this unstable cellulose than the aspen, since the loss 
in Cross and Bevan cellulose after three hours cooking is nearly 20 per 
cent in the former and only about 9 per cent in the latter. Pentosans were 
determined only in the pulp from the aspen but here at least they seem 
to form a part of the stable cellulose, since they remain constant in quan- 
tity between the third and seventh hour, while the total cellulose is reduced 
by more than 5 per cent. 

The lignin was dissolved very rapidly from the start and its removal 
was practically complete in three and four hours, respectively, for the 
aspen and pine. The higher proportion of lignin in the pine wood may 
account for this difference in time required. After these periods further 
cooking reduces the pulp yield mostly by destroying the cellulose without 
increasing its purity. 

It was attempted to determine the lignin dissolved in the liquor by 
the same method as that used for the pulp, viz., by separating the material 
not soluble in 72 per cent sulfuric acid but the results were not consistent 
and in most cases more lignin had been dissolved from the wood than 
could be precipitated from the liquor. 

The total volatile acid in the liquor reached a maximum at about one 
and one-half hours, the difference between the hardwood and softwood 
being shown in the yield of al>out 10 per cent from aspen and 5 per cent 
from jack pine. These yields are considerably higher than those obtained 
by destructive distillation but they are in about the same ratio. It is diffi- 
cult to trace the coniix)nents of the wood which furnish the volatile acids 
during the cooking with caustic soda. Whatever acetyl groups are pres- 
ent, like those which give acetic acid on hydrolysis, account for their quota 
of acetic acid but this is only a small part of the total. The higher pen- 
tosans in the hardwood makes it appear that the pentosans may be the 
main source of acetic acid. This explanation has also been used for the 
source of the acetic acid obtained by destructive distillation but in neither 
case is th*ere any direct evidence. 

The methoxyl content of the pulp from jack pine decreased rapidly, 
during the first two hours and became nearly constant after the third hour, 
the methoxyl content of the liquor increasing in the ^ame manner. In 
fact the methoxyl was removed at almost exactly the same rate as the 
lignin. The conditions in which different portions of the methoxyl were 
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found in the liquor were, however, different, part being volatile in the 
form of methanol, and part being non-volatile, probably still in combina- 
' tion with the lignin. Also the proportion of volatile methoxyl varied 



Fig. 14. — Curves Showmtj the Actiuii oi Soda Liquor on Jack Pine Wood. 

considerably at different periods. During the first one and one-half hours 
the amount of volatile methoxyl increased rapidly to about 1.5 per cent 
the weight of the wood and then decreased to about 1.0 per cent at the 
end of the third hour. Either figure is higher than the amount of methanol 
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which would be expected from the destructive distillation of a softwood 
like jack pine. It is interesting to note that the soda process of pulping 
wood produces more methanol and more acetic acid than the destructive 
distillation of the same wood. * 

Except for the determinations of the pentosans in fhe pulp, we have 
no figures on what becomes of the readily hydrolyzable carbohydrates dur- 
ing the soda process. They are probably hydrolyzed to sugars but the 
sugars are decomposed by the alkali at the high temperatures used. It 
has been suggested that a part of the volatile acids are formed during this 
decomposition but this reaction is certainly not quantitative and no 
analyses have been made of the 4iquors to show the other sugar decom- 
position products. Except for the pentosans, we do not know what readily 
hydrolyzed part of the cellulose is left in the pulp, such as the small man- 
nose and glucose residues in sulfite pulp. 

The resins which may be present in woods cooked by the soda process 
are partly dissolved (the resin acids) and partly volatilized (the volatile 
oils). The turpentine oils obtained from the pines in this way are ap- 
parently not changed in composition, being the same as those obtained by 
steam distillation. On account of this ready solubility of the resins they 
are no protection to the wood against the action of caustic soda and all 
resinous woods can be delignified by this process. In fact there seem to 
be no extraneous materials in wood which offer any serious resistance to 
penetration or cooking by the soda liquor. The resins or tannins may 
require the use of additional alkali but otherwise they offer no difficulties. 

By-Products from Soda Liquor 

In commercial soda-pulp processes the liquor is evaporated, calcined 
and causticized for the recovery of the caustic soda. In connection with 
the recovery process the possibility of obtaining valuable by-products has 
been shown. White and Rue evaporated and destructively distilled com- 
mert:ial soda liquor from mixed hardwood, mostly birch, and obtained 
about 120 jier cent of methanol and 0018 i>er cent of acetone on the 
weight of the original wood. This is somewhat less than the amount of 
such products obtainable by destructive distillation of the original wood. 
They also obtained about 5 4 per cent of a tar which contained a higher 
proportion of oils boiling below 270° C. than the ordinary hardwood tar. 
The acetic acid in the liquor is not recovered either as acid or acetone by 
this prooess but is apparently decomposed into methane by distillation in 
the presence of excess alkali. 

A more recent method has been designed to utilize potentially the* 
acetic acid also.'^*’ This is accomplished by mixing the. concentrated soda 

” Met. Chem. Eng , 16, 82 (1917), and Paper, 19, 56 (1917). 

“V. Drewsen, U. S Patents 1,298,479 and 1,248,480. 
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liquor with lime before distillation. In this way the acetic acid is largely 
converted into acetone. There are no available detailed figures on this 
, process but it is claimed that in a large-sized experimental apparatus there 
were obtained no^ only more alcohol but acetone more than equivalent to 
the acetic acid from the destructive distillation of the origina'l wood. This 
seems to be perfectly possible since it has been shown that more acetic acid 
is formed during the cooking of wood by the soda process than by the 
destructive distillation of the same kind of wood. 

The Sulfate Process 

Delignification by the so-called “sulfate” process is a modification of 
the soda process in which sodium sulfide as well as caustic soda is present. 
It is called the “sulfate” process because sodium sulfate is added to the 
liquor to replace losses but this is reduced to sulfide in the recovery process. 
The effect of the sulfide on the chemical reaction is not known because 
we do not even know the chemical reaction in the case of caustic soda alone 
but there are some comparative figures showing the composition of the 
products at different stages of the process. Wells has carried out a 
scries of cooks under the same conditions as those listed in connection with 
Fig. 14 except that two jxjunds of sulfur were added to the cooking liquor 
for each charge. This resulted in a cooking liquor of approximately the 
same comjx>sition as that obtained in commercial plants by the complicated 
reactions of the recovery process. Fig. 15 shows the results obtained on 
jack pine. In comparison with the soda process on the same species it is 
very noticeable that the removal of the lignin is much more rapid when 
the sulfur is present. The rate of removal of the cellulose is also much 
less rapid during the first half hour. It is ix)ssib]e, therefore, by means 
of the presence of sulfide to remove more lignin with a lesser attack on 
the cellulose. 

In this set of cooks no pentosan or other determinations were made to 
show in what way the cellulose in the pulps differed from that in the soda 
pulps on account of the lesser attack of sulfur process, but it has been 
shown by Mahood and Cable that a spruce soda pulp with 33.8 per cent 
yield contained 5.0 i>er cent pentosans while a similar sulfate pulp with 
a 39 per cent yield contained 7.1 per cent pentosans. A part of the higher 
yield is, 'therefore, due to the pre.sence of more pentosans, but the other 
differences in comi>osition to account for* the rest of the higher 'yield are 
unknown. 

The volatile acids in the liquor were almost the same as in the soda 
liquor but the maximum amount was attained even sooner. No determina- 

Pulp Paper Mag. Can., 21, 623 (1923). 

“V /nd. Eng. Chem., 14, 727 (1922). See Table XLV. 
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tions of methoxyl groups were made in this series of cooks but about 0.3 
jier cent methanol is formed in commercial sulfate processes along with 



Fig. 15 — Curves Showing the Action of Sulfate Liquor on Jack Pine Wood. 

smaller amounts of dimethyl sulfide, methyl mercaptan, and other volatile 
sulfur ctfmpounds. 

Delignification by Neutral Sulfites • 

Other methods of delignification have been used in the study of wood 
such as the use of phenols and oxidation with nitric acid and potassium 
chlorate. Various modifications of the sulfite and soda processes have 
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been suggested, such as the addition of various neutral salts and the use 
of neutral sulfites>^ None of these has become of any importance from 
,the analytical or cotnmercial standpoints and only one has developed any 
new information (jn the mechanism of delignification. 

There are some actual chemical data*^ in connection with the use of 
neutral sodium sulfite for delignification which show that it reacts some- 
what differently from the other delignifying agents. Since this is a new 
field in which details are not readily available, the complete cooking and 
analytical data will be given. The work was carried out on aspen sawdust 
between 40 and 60 mesh which had been previously extracted with benzene 
and alcohol, the extracted wood containing 64.56 per cent Cross and 
Bevan cellulose and 21.83 per cent lignin. Tables XLI and XLII show 
two series of cooks, in the first of which temperature and time were kept 
constant and the concentration of Na 2 SOs varied, and in the second, time 
and concentration were constant (except for the last two cooks) and tem- 
perature varied. Table XLIll gives a series of soda cooks on the same 
wood for comparison. 

In Table XLI it is seen that under the temperature and time condi- 
tions the cellulose remains high and nearly constant with changing concen- 
tration of sulfite while the lignin is reduced from 21.83 per cent in the 
original wood to about 9 per cent with low concentrations of sulfite and 
finally to 5.2 per cent with the high concentrations. This is truly remark- 
able delignification (or i>artial delignification) since next to the chlorina- 
tion process it leaves by far the largest amount of crude cellulose un- 
attacked. But the limit of the removal of the lignin is apparently reached 
at this point, at least in so far as it can be effected by reasonable concen- 
trations of sulfite. Unfortunately, no results are reported with the same 
temperature but a longer time of cooking which might possibly have re- 
duced the lignin further and still without more attack on the cellulose. 
When an attempt was made to remove more lignin by raising the tempera- 
ture (see Table XLII) the cellulose was rapidly attacked and finally the 
cellulose yields are lower than those from the soda process, although the 
most severe cooking with sodium sulfite never gave less than a 3 per cent 
residue of lignin. 

It is interesting to note that in the first part of Table XLII where 
very mild cooking conditions were used, there was an apparent increase in 
Cross and Bevan cellulose, in one instance an increase of 2.57 per cent 
more than was present in the wood. Here is another case, similar to the 
, apparent increase of lignin on bleaching soda pulps,*® where our analytical 
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methods are not accurate. Something which was not cellulose in the 
original wood has been so transformed that it isolated along with the 
cellulose by chlorination. With more severe cooking the apparent excess 
of cellulose disapj^ars but there is no way of telling whether the material 
which caused the excess disap|x;ars or whether it remains and* a part of the 
original cellulose goes into solution. There is an indication that the latter 
is the case, that the false cellulose j^ersists in the pulp and that at least a 
part of it is determined as lignin also. In each of the last four cooks of 
Table XLTl, the sum of the lignin and cellulose in the pulp is more than 
102 per cent. This indication, however, is not confirmed in Table XLI be- 
cause here none of the pulps run much 'over 100 per cent cellulose plus 
lignin. A study of the material might furnish some valuable information 
on the chemistry of wood. 

Further study of the neutral sulfite process is desirable, especially more 
complete analyses of the pulps and the cellulose isolated from the pulps. 
At present it is not possible to decide in what way the cellulose in the pulp 
varies in comixisition from that in ordinary pulps as it must vary in order 
to account for the high yields. A few pentosan determinations would 
probably have thrown considerable light on this question. 

No extended study of six^cies has been made by the neutral sulfite 
process but it seems to be especially well adapted to the hardwoods. It 
also seems well adapted for .semi-pulping processes in which only enough 
lignin is removed (the middle lamella lignin) to slightly soften the chips 
so that the fibers can be subsequently loosened by mechanical means. Since 
so little cellulose is dissolved by this ])roccss, the final yields of pulp are 
very high, 75 to 80 jxjr cent. On account of the large amounts of lignin 
in such a jiulp, it cannot be readily bleached but fortunately several woods 
give a light-colored ])ulp without bleaching. 

Properties and Composition of Wood Pulps 

The quality of a wood pulp is commonly determined by various 
mechanical and optical properties such as strength, brittleness, color, and 
opacity. The color of the original pulp is sometimes not so important as 
the ease with which it can be bleached, which may be considered a chemical 
proi)erty, and other chemical properties may be important in pulps designed 
for use in making cellulose esters. 

There is no apparent relation between the physical properties and 
chemical composition of pulps. It is known that certain cooking conditions 
•produce pulps with certain desirable mechanical properties and in general 
the well-cooked pulps rather than the under-cooked possess the better 
properties, but the corresponding differences in chemical composition are 

Rue, Paper Trade 81, No. 16, 57 (1925). 
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unknown. The more complete cooking may, of course, leave a smaller 
residue of lignin in the pulp but it is not likely that the presence of more 
or less lignin within low limits has any direct bearing* on strength. The , 
weakness of certain over-cooked or burned pulps is probably due to slight 
and obscure cfiernical changes such as those that take place in drying or 
steaming wood at temperatures just above 100° C. 

The color of pulps may be due to three causes : ( 1 ) The residual lignin ; 
(2) coloring matter in the original wood not removed by the pulping 
process, and (3) coloring matter absorbed from the cooking liquor during 
the last part of the process. The chemistry of all these materials is obscure. 
The lignin is probably not the same as the lignin in the original wood 
which is not necessarily colored. In fact, certain pulps containing consid- 
erable lignin are only slightly colored. Woods containing tannin, such as 
chestnut, when cooked by the soda process develop a much darker color 
in the pulp than the original wood. In the pulping of aspen wood pic- 
tured in Fig. 13, it was noted that after the fourth hour the pulp was 
darker in color, evidently from adsorption of coloring matter from the 
liquor. 

With such various and complex causes of color, it is not to be ex-' 
pected that the chemi.stry of bleaching is at all well known. Every wood, 
every process, and every set of cooking conditions might furnish a separate 
problem. It is known from practical experience that certain woods pulped 
in certain ways give easily-bleached jmlps but the difference in chemical 
composition between easily-bleached and unbleachable pulps is not known. 
In general the pulps containing less lignin are easier to bleach since bleach 
is Consumed in removing the lignin but this is not the only factor. The 
commercial bleaching process is by means of chlorine, usually ai>plied in 
form of ordinary bleaching powder, and little attention has been given 
to other methods of bleaching. This is largely on account of the cheapness 
of the bleaching material and the ease with which it can be applied, but 
apparently chlorine is a very satisfactory bleach from. other standpoints. 

Bleaching Wood Pulps 

In one sense the bleaching of wood pulps is just another case of de- 
lignification by chlorination. Whether or not the lignin is the main cause 
of the color it certainly will be removed by the bleaching process, and 
since it i^the main constituent of the pulp, aside from the cellulose, it is 
likely to require more chlorine for its removal than the other colored con- 
stituents, except, of course, where a large excess of chlorine is used in a-» 
vain attempt to remove some color. The lignin left in^ a wood pulp may 
not be of the same composition as that in the original wood, so that at- 
tempts to figure the theoretical amount of chlorine required for its removal 
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are not very satisfactory. It has been shown/® however, that a sulfite pulp 
containing 11.92 per cent lignin after bleaching with bleaching powder 
equivalent to 8.74 i^er cent chlorine, contained 4.08 p(»r cent lignin, a re- 
duction of 7.84 per cent. If we take the figures of Heuser and Siebert * 
on chlorination of pine wood in which a total of 40.8 'per cent chlorine 
was consumed,^® and assume 30 per cent lignin in the wood, 136 per 
cent chlorine on the weight of lignin is required for complete chlorination. 
In the example of bleaching just given 112 per cent chlorine was con- 
sumed which is as close as might he ex]icctcd when the material was wood 
in one case and a crude pulp in the other. In this case where there was a 
large amount of lignin present anfl only a part was removed, most of the 
chlorine may have been used in removing the lignin but in most cases of 
bleaching a large excess of chlorine over the theoretical for removing the 
lignin is required for obtaining satisfactory color. 

The other coloring matters besides lignin, therefore, seem to require 
a consumption of bleach out of proportion to their weight. This is shown 
in Table XLIV, where many of the bleachings do not change the weight 
of the pulp. Since, however, we do not know how much of these other 
materials may be present, except that the amount must be very small, 
further speculation on the subject is impossible. 

The general effect of bleaching on the comi^osition of various pulps has 
been shown in considerable detail by Mahood and Cable and since their 
work is referred to so much in this chajjter their complete analytical 
results are given in Table XLV. In this table L indicates a light-cooked 
and W a well-cooked pulp. Tn the .sulfite cooks R indicates a re-cook with 
a one per cent caustic soda liquor at 50 jx)unds steam pressure for one- 
half hour. The corresponding figures for four samples of cotton are given 
for comparison. Unfortunately an analysis of the wood used was not 
made but a standard analysis of the same si^ecies is given for comparison. 

In commenting on the figures in this table only the total furfural values 
will be used, although these are divided into pentosan and methyl pentosan. 
There are several places in the table where the pentosan and methyl 
pentosan vary in different directions so that interesting conclusions might 
be drawn if we only knew more about the meaning of the methyl pentosan 
determination which, as we have shown, does not necessarily depend on 
the presence of methyl pentosan in the original wood. The methyl pento- 
san figures are included in the table, however, since they may be of more 
value son^f time when the analysis of the furfuroids is better understood.*^ 
The effects of bleaching an under-cooked sulfite pulp are shown in 
lines 2-4. On account of the large amount of lignin present in this pulp,* 

See lines 2 and 3 in Table XLV. 

« ^re p. 234 

" See Chapter IV, Part III. 
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Spruce sulfite pulp, air-drted, results expressed in per 


Spruce wood t • • • 

0 00 

— 

0 31 

1 12 

2.14 

11.57 

1.59 

1.36 

10.39 

221 L 

0 00 

7 99 

172 

2 34 

2 76 

9.77 

0.24 

2 10 

5.43 

223 L 

25.00 

6 44 

1 36 

153 

3.98 

18 14 

0.03 

0.63 

7.07 

224 L 

50 00 

6 19 

1 21 

215 

3 57 

16 21 

0 02 

0 66 

6.67 

231 LR 

0 00 

4 86 

1.41 

0 30 

0 00 

152 

0.05 

0.55 

4.55 

232 LR 

3 00 

4 80 

157 

0 68 

0 58 

2 97 

0 08 

0 97 

3.95 

233 LR 

5 00 

4 66 

1 73 

1.21 

1 68 

3 89 

on 

1.04 

3.91 

234 LR 

8 00 

5.32 

178 

0 83 

1.13 

4 62 

0 08 

0 77 

4.17 

235 LR 

12 00 

4 94 

191 

1 51 

2.41 

8.36 

0 09 

157 

4.49 

221 W 

0 00 

5.59 

0 49 

0 84 

124 

5 67 

0.09 

1.45 

4.94 

223 W 

6 00 

5 03 

0 78 

0 39 

0 87 

12.35 

0 12 

120 

5 74 

224 W 

12 00 

5 11 

0 58 

0 30 

0 76 

11.74 

0.20 

1.13 

5.90 

225 W 

20.00 

5 17 

0 91 

122 

1 54 

18.27 

0 32 

0.76 

5.96 

231 WR 

0 00 

4 41 

0.75 

0.29 

0 12 

0.14 

0.02 

0.73 

2.61 

232 WR 

2 00 

4 61 

0 78 

0 23 

0 51 

2 06 

0 06 

0 64 

2.48 

233 WR 

5 00 

5 18 

101 

0 00 

0.28 

4.17 

0.00 

0 72 

2.51 

234 WR 

7 00 

5 26 

0 87 

041 

0 54 

7 03 

— 

0 61 

2.65 

235 WR 

12 00 

5 34 

1 00 

0.93 

1.76 

16 38 

•— 

0.53 

3 35 





( otton, air-drted, results calculated on oven 

Raw liiitcrs . . 

0 00 

4 13 

157 

2.00 

2 27 

7 67 

0 16 

0 50 

1.58 

Abstirbent cotton . 

0 00 

4 34 

0 11 

0 00 

0 00 

175 

0 04 

0 31 

0.58 

Purified linters 4 . 

2-3 

2 67 

0 52 

0 33 

0 23 

1.52 

0 10 

0 24 

1.11 

Pulped linters 4 . . 

6-8 

2 25 

0 64 

0 50 

0.38 

6 46 

0 04 

0.28 

1.97 




Spruce soda and sulfate pulps, air 

-dried, 

re.\utts 

201 L-Soda .. . 

0 00 

3 91 

1 12 

0 71 

0 26 

281 

0 07 

0.49 

7.77 

202 L-Soda .... 

12 00 

6 26 

0 92 

0 58 

107 

4 93 

0.06 

1.10 

8.24 

203 L-Soda 

20 00 

5 79 

0 90 

127 

121 

6 92 

0 04 

0.71 

8 20 

201 W-Soda . ... 

0 00 

3.48 

0 90 

1 27 

0 62 

2 46 

0 06 

0.41 

3 82 

203 W-Soda 

7 00 

4 94 

0 91 

0 51 

0 08 

3 40 

0 06 

0.52 

3.98 

205 W-Soda 

15 00 

5 66 

122 

0 45 

0 18 

9 81 

0 04 

0 76 

4.09 

211 L-Siilfatc .... 

0 00 

4 89 

1 16 

125 

0 40 

2 62 

0.10 

1.65 

10 04 

212 L-Sulfate . . . 

10 00 

6 04 

127 

0 59 

0.00 

3 61 

0.04 

1.42 

10.07 

213 L-Sulfatc .... 

25 00 

5 97 

1.40 

123 

0 91 

14.02 

0.04 

1.10 

9.90 

211 W-Sulfatc... 

0 00 

3()4 

1 01 

123 

0 82 

2 18 

0.06 

0.63 

6 05 

213 W-Sullatc ... 

6 00 

5 74 

0 83 

0 00 

0 00 

2 28 

0.03 

0.89 

7.67 

214 W-Sulfate . . . 

15.00 

5.49 

1.21 

0 00 

0.00 

8.51 

0 04 

0.93 

7.17 


• Tlie values given except those in the column headed “In Cellulose. ’’ are averages of two 
closely agreeing duplicates. 

t Values obtained by Schorger, J Ind Eng. Chem , 0, 556 (1917) 


the removal of the lignin is the most noticcahle change and this accounts 
for the apt>arent increase in cellulose and furfural which are little affected 
by the bleaching. The material soluble in one per cent alkali is increased 
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XLV 

I. In Cellulose , 
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3.55 

7.15 

— 

5.30 

61 85 

— 

— 



9.63 

0 72 
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3.03 

415 

2646 

2.26 

82 72 

83 5(f 

0 31 

16.19 

6.97 

148 

4 43 

11.92 

2.18 

1 75 

4 63 

26 93 

1 58 

87 13 

83.70 

2 32 

13 98 

7.07 

104 

4 29 

4 08 

3 50 

1.63 

4 32 

26 36 

0 72 

93 18 

83 25 

3.39 

13 36 

6 06 

1 11 

3.75 

0 46 

3.04 

1.14 

2 93 

5 84 

0 58 

96 75 

85 95 

1.71 

12 54 

4.10 

0 84 

2 51 

2 75 

0 95 

1.19 

2 59 

6 70 

0 35 

94 78 

94 45 

2 46 

3.09 

4 28 

0 95 

2 65 

3 01 

1.12 

1.21 

2 60 

8 72 

— 

94 20 

94.49 

216 

3 35 

5.09 

1.68 

3.36 

2 82 

1.36 

1.35 

2 76 

12.41 

— 

95 60 

92 15 

3 51 

4.34 

417 

2 02 

2 93 

195 

1.84 

1.18 

2 96 

2126 

— 

93.30 

89 05 

5 97 

4 98 

4 29 

126 

2 75 

1.15 

2.53 

1.64 

331 

19 89 

1 06 

94 95 

87 60 

2 98 

9 42 

5 14 

1.55 

3.39 

199 

2.42 

1.06 

3 60 

19 89 

0 65 

96 33 

88 25 

2 53 

9 22 

5 63 

2 43 

3 92 

1.14 

2.62 

1.16 

3 72 

23 70 

0 55 

97 01 

87.12 

3.91 

8 97 

4 78 

176 

3.22 

0.66 

2.47 

1.25 

3 76 

32.76 

0 53 

98 89 

83 25 

7 93 

8 82 

5 53 

1.98 

3.73 

0.13 
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1.04 

1.76 

3 63 

0 21 

98.17 

90 20 

2 49 

3 00 

2.34 

0 88 
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0 96 
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1.54 

5.31 

0 37 

98 10 
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7.31 

2 35 

1.55 
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1.20 

0.69 

160 
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— 

98 07 

93 30 

3 84 

2 86 

2.36 

1.17 
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0 59 

1.93 

0.75 
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20 02 
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97 68 

90 00 
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2.22 

1.09 

1.50 

0 49 
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95 61 
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4 00 

2 33 
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159 

0 44 
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0 98 

12 22 

0 36 

89 75 

83 19 

187 

14 95 

0 46 

0.32 

0.20 

8 15 

4.55 

0.48 

0 30 

6 20 

0 39 

98 93 

87 60 

12 20 

0.12 

0 50 

0 85 

016 

0 36 

1.13 

0 46 

0 63 

3 72 

0 37 

99.12 
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0 45 
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16 67 

0 31 

97 90 

88 30 

11.70 

0.00 

131 

1.03 

0.88 

012 

2.57 

calculated 

on oven-dry 

( 103 " C.) weight of pulp 
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4 82 

5.93 
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93.17 
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7.81 
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4.59 

4.03 

1.59 

1.18 

5 09 

12 03 

0 57 

94 26 

60.57 

.34.19 

5 24 

7 45 

133 

4.63 

5 86 

1 76 

1.35 

5 12 

17 06 

0.12 

94 77 

53 01 

35 07 

1192 

6 80 

1 50 

4.32 

4 55 

2.40 

1.25 

2 54 

5 89 

0 47 

96 20 

80 30 

13 27 

6 43 

3 42 

1.54 

2.33 

2.11 

1.09 

1.66 

2 76 

714 

0 26 

97 16 

55 93 

.14.22 

9 85 

3 87 

1 88 

2.71 

2 66 

1.66 

0.63 

2 54 

22 15 

0 29 

97 05 

5150 

37 80 

10 70 

3.41 

1.92 

2.48 

2.22 

3.61 

0.92 

6.09 

8 61 

0 68 

94.56 

84.20 

631 

9.49 

9 96 

129 

6.10 

3.39 

1.38 

0.64 

6 05 

1164 

0 26 

94 00 

64 70 

23 98 

11.32 

8 30 

1.70 

5 26 

5 53 

1.67 

0.85 

6.00 

31.04 

0 25 

94 56 

56 87 

31 55 

11.58 

8 46 

1.46 

5 27 

4.04 

3.93 

1.07 

3 79 

5 51 

— 

96.17 

8180 

10.31 

8.07 

5.81 

1.62 

3.85 

1.88 

1.46 

1.35 

451 

7.10 

0 24 

95 68 

72.20 

18 72 

9 08 

6.95 

1.01 

4 28 

3.43 

1.58 

1.62 

4.22 

20.47 

0 18 

95.40 

62.95 

26 90 

10.15 

6.20 

0.97 

3.84 

2.64 

2.98 


} The Imv moisture content of these two samples is due to their having been dried over a 
steam-heated radiator. 


as is commonly the case when ccllulo.se is chlorinated, /although for some 
unaccountable reason the pulp bleached with 50 per cent bleach has a little 
less alkali-soluble than that bleached with 25 per cent. The amount soluble 
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in 7.14 per cent NaOH does not show similar results as might be expected 
but remains practically constant in the one unbleached and two bleached 
pulps. This is the only case where the two strengths of alkali do not give 
parallel results ^nd it can be explained by the large amount of lignin in 
the crude pulp which is evidently much more soluble in the Stronger alkali. 
The removal of the lignin by bleaching would, therefore, decrease this 
part of the alkali soluble matter at the same time increasing the alkali 
solubility of the cellulose and the two effects would tend to counterbalance. 
The methoxyl is decreased by bleaching although not in the same ratio as 
the lignin. 

In the normal well-cooked sulfite pulp, the bleaching effects are not 
confused by the presence of a large amount of lignin. Here the alkali- 
soluble matter increases with the increased bleaching and the lignin and 
methoxyl decrease. 'I'he furfural increases slowly but this is probably 
not due to an increase in pentosans but rather to the formation of oxidized 
cellulose. It is interesting to note that the increase in “oxycellulose” as 
indicated by the increased furfural is not nearly so great as that indicated 
by increased solubility in alkali ; also that the alpha-cellulose is not de- 
creased as much as would be exi)ected from the increase in alkali solu- 
bility of the pulp. ThCvSe arc jxnnts which must be given consideration 
in connection with some of the prevailing opinions in regard to the mean- 
ing of oxycellulosc and alpha-cellulose determinations. The copper num- 
ber determinations run parallel with the alkali solubility as would be ex- 
pected. The figures on acetic acid hy hydrolysis are very low and do 
not mean much except that the sulfite pulping process decreases this figure 
very much and possibly the bleaching of the well-cooked pulp increa.ses it 
slowly. The water-soluble determinations probably do not show much 
except the degree of washing of the pulps. The ether-soluble determina- 
tions are also low and variable but they indicate that the sulfite process 
does not remove much ether-soluble material although the bleaching de- 
creases it slightly. It is not known how much reliance can be placed on 
the moisture figures since it is not stated liow much care was taken to 
bring the samples to equilibrium with air of the same humidity. If we 
assume that the moisture determinations were made on samples in equilib- 
rium with the same moist air, some fairly definite deductions can be made. 
Although the results are not |x;rfectly regular, there is an apparent de- 
crease in the hygroscopicity of the sulfite pul])s with bleaching. 

The effect of bleaching on the pulps made by the alkaline processes 
will be considered next since the sulfite pulps re-cooked with caustic soda 
naturally show intermediate effects. The figures for lignin in the bleached 
soda and sulfate pulps arc confusing since the lignin determination in every 
case shows an increase with the first bleaching and then a decrease with 
the second bleaching but never gets as low as in the unbleached pulp. 
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This increase cannot be in actual lignin but instead there must be some- 
thing formed during bleaching of alkali pulps which is not soluble in 72 
per cent sulfuric acid. It is apparently a part of both tjae lignin and cellu- 
lose as isolated by the analytical methods since the cellulose does not 
decrease wherf the “lignin'’ increases. Just what this Something is and 
whether it occurs in other than spruce pulps are problems worthy of in- 
vestigation since it may make a distinguishing characteristic for soda and 
sulfate pulps. 

As would be expected, the crude alkali pulps are not so soluble in 
caustic soda as are the sulfite pulps. It would hardly he predicted, how- 
ever, that bleaching would have 15ss effect on the alkali solubility of the 
alkali pulps but this is evidently the case, esjxicially with the more dilute 
alkali. The increase of furfural with bleaching is generally slight and 
irregular hut in the case of the light-cooked sulfate pulp there is an ap- 
parent slight decrease. 

Although the alkali solubility of the pulps is not increased greatly by 
bleaching, yet the amount of alpha-cellulose in the isolated cellulose is 
decreased very markedly. This fact furnishes still further confusion of 
our ideas in regard to the meaning of the alpha-cellulose determination. 
Although the unbleached alkaline pulps have a lower moisture content than 
the sulfite pulp under the same conditions, yet the bleaching causes a very 
definite increase in hygroscojiicity so that the bleached alkaline pulps have 
a higher moisture content than the bleached sulfite pulps. 

The sulfite pulps re-cooked with caustic soda show considerable losses 
during the re-cooking but the final yields are about the same as the straight 
soda cooks. The effects of bleaching these re-cooked pulps are inter- 
mediate between those of the straight sulfite and soda cooks. The “lignin” 
is apparently increased with slight bleaching and then is decreased on 
further bleaching, finally becoming lower than in the unbleached pulp. 
The alkali solubility is increased less than in the sulfite jHilps with slight 
bleaching but to about the same extent on further bleaching. The alpha- 
cellulose is decreased more than in the sulfite and less than in the soda 
pulps. The furfural figures are irregular but indicate a slight decrease 
on bleaching. There is a slight tendency toward increased hygroscopicity 
on bleaching but not so great as in the case of the straight alkaline pulps. 

Comparison of Wood Pulps with Cotton Cellulose 

The nwin chemical differences between wood pulps and purified cotton 
cellulose lie in the ix;ntose- and mannose-yielding residues left in the pulps 
even after severe cooking and bleaching treatments. Table XLV shows* 
how little the pentose residues are affected by bleaching, and Sherrard and 
Blanco have obtained 1.50 per cent mannose from a bleached sulfite pulp^ 
from spruce wood. There are also lignin residues, or at least something 



262 


THE CHEMISTRY OF WOOD 


insoluble in 72 per cent sulfuric acid, which remains in the well purified 
pulps. In Table XLV there is only one sample, the well-cooked sulfite 
^pulp bleached with'* 20 per cent bleaching powder, which is as low in 
“lignin** as the aJ>sorbent cotton or pulped linters. The sample of so- 
called purified linters (method of purification unknown), however, which 
in other respects is the nearest “pure cellulose’* of all the samples shown 
in Table XLV, contains more “lignin” than several of the pulp samples. 
Evidently this material had been cooked with alkali and thus developed 
some of the unknown constituent previously mentioned which is deter- 
mined as lignin. That it is not lignin in this case is shown by the cellulose 
determination which was 99.32 per cent. 

The ether-soluble material is also slightly higher in the wood pulps, 
the only samples approaching the values for the purified cottons being the 
unbleached soda pulps. In methoxyl content, several of the wood pulps 
have lower values than the cottons. The fairly constant methoxyl in the 
cotton samples is very unexpected. 

Few of the pulp samples show an alkali solubility as low as the purified 
linters but this is due largely to bleaching. One of the unbleached pulps 
is as low as the purified linters and four unbleached and one partly bleached 
are as low as the absorbent cotton in solubility in the 7.14 per cent alkali. 
The bleaching required to give a white or nearly white pulp greatly in- 
creases the alkali solubility but we have seen that this bleaching has little 
effect in the way of purifying the pulp, except in cases where considerable 
lignin was present, and, therefore, is not commonly required for any other 
purpose than for imparting a good color. The color has been shown to 
consist of very small amounts of material of unknown composition and, 
therefore, has little actual effect on the chemical composition of the pulp. 
In other words, wood pulp samples with an alkali solubility comparable 
with purified cotton can readily be obtained provided that a very small 
amount of coloring matter be permitted. 

The exact requirements of the cellulose to be used in making cellulose 
esters are not known. There are specifications for the cotton cellulose used 
for this purpose but perhaps wood pulps might be satisfactory which did 
not comply with these specifications. Since a different set of impurities 
are to be guarded against in the case of wood pulps, a different set of 
tests should be prepared. It is known that sulfite pulps from spruce are 
being used in making viscose and it has been reported that wood pulps 
have been successfully used for nitration*® but the detailed effects of 
variations in composition on the properties of the esters have never been 
published. If small pentose and mannose yielding residues arc not harmful 
and if either a little color or a slightly higher alkali solubility can be 
allowed, then wood pulps can be readily prepared for use in making 
cellulose esters. 

** Lenze, Pleus and Muller, J prakt Chem . 7-9, 213 (1920-21). 



Chapter 5 

Decomposition by Concentrated Alkali 

Methanol Formation 

• 

Intermediate in severity between the pulping of wood with caustic 
soda solutions and the fusion of wood with high concentrations of caustic 
alkalies, which forms the main subject for discussion in this chapter, 
lies some work by Ritter ^ on the formation of methanol from the methoxyl 
in wood in the presence of caustic soda solution at high temperatures. The 
conditions at the beginning of the treatment were very much the same 
as those used in pulping wood. The caustic soda was applied in a 7 jxt 
cent solution with about 21 per cent caustic on the weight of the wood 
and the pressure was 105 to 115 pounds. After three hours at pressure 
the water was allowed to distill oil and the methanol was determined in 
the distillate. Then enough water was added to make the caustic solution 
17J/2 per cent and the process rejxjated at a higher pressure. In the last 
two treatments, the maximum pressure was 200 jionnds and in the last 
treatment no more methanol was obtained. Although this seems like a 
treatment with a maximum of 17j/2 per cent alkali, yet the autoclave in 
which the treatments were carried out was heated by a nitrate bath and had 
a very high heat cajiacity so that the temjierature was still high after the 
water was distilled off. Therefore, during part of the time the tem- 
perature and concentration of alkali were both high. 

Even during the first treatment more methanol was driven off than in 
the case of the soda pulping process, 2.12 jier cent from oak and 1.47 
per cent from Western yellow pine. Smaller amounts were given off on 
further treatments until finally 3 87 and 2.93 j>er cent were obtained from 
oak and pine, respectively. The residue of wood was then analyzed for 
methoxyl, the theoretical amount being found in the oak residue and none 
in the pine residue. This variation in results should be confirmed on 
other species since it may be a distmguisliing characteristic between hard- 
woods and softwoods. 

Although the methanol yields w^ere different when exjiressed in terms 
of percentage of the wood used, yet exactly the same jiercentage of the 
original methoxyl content of the wood was recovered as methanol in both 

‘/nrf. Eng. Chem., 15, 1264 (1923). 
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cases, viz., 63 per cent. Ritter has called attention to the fact that this is 
the same percentage of original methoxyl as was found by Hawley and 
Aiyar * in the total# volatile products obtained by destructive distillation 
of three different woods. There may be some important relationship here 
but it is not obvious. * 

Mahood and Cable “ have also made some determinations of the 
methanol formed during a single fusion with caustic soda. I'hey used 
three parts caustic soda to one part wood and gradually heated to 235° C., 
obtaining 2.33, 2.37 and 2.51 per cent methanol from elm {Ulmus Ameri- 
cana), oak {Quercus alba), and maple (Acer saccharum) , respectively. 
The methanol yield from oak is lower than obtained by Ritter from the 
same si)ecies, showing that repeated less severe hydrolyses give more than 
one fusion at higher temi^erature and higher ratio of alkali. It was also 
found in this work that the methanol was given off in two distinct periods 
of the fusion. During the first ix*riod up to 160° C., about 25 per cent 
of the total was given off, then there was a ixjriod up to 180° C., when 
only about 5 per cent was obtained, the main fraction of 70 per cent coming 
off between 180° and 235° C. 

Fusion with Alkalies 

The fusion of wood with caustic alkalies has been the foundation of 
the oxalic acid industry for many years and in this country has been only 
recently supplanted by the synthetic methods using carbon monoxide as 
the raw material. 

Several investigators have worked on the fusion of wood with caustic 
alkalies but they have had different problems in view, have used different 
conditions, and determined the yield of different ijroducts. No one has 
worked on the details of the reaction under different conditions, with 
determinations of all the products, intermediate and final, and little effort 
has been made to correlate the results with the composition of the wood. 
There are gaps in the data which make it impossible to form a complete, 
satisfactory picture of the reaction and it will l>e necessary, therefore, to 
report in some detail the more important researches and then make what 
little correlation is possible. 

Thornes Work on Oxalic Acid 

Thorn * was the first to investigate In detail the fusion of wbod with 
alkalies for the production of oxalic acid. Me determined the effect of 
s'^veral variables on the yield of oxalic acid but did not study any of the 

» hid. Eng. Chem . 14, 1056 (1922) ; see p. 207. 

’/. Ind. 'Eng. Chem., 11. 651 (1919). 

* Dingl. polytech. J ., 210, 24 (1873). 
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other products. In varying the proportions of alkali and wood, it was 
found that the yield increased with increasing alkali up to a 4 : 1 ratio 
for caustic soda to wood and a 2 : 1 ratio for caustic potash. Higher 
ratios than these were not tried and all the other variables were studied 
at a 2: 1 ratiof Most of the fusions were made at a temperature of 250° 
C., which was shown to be the optimum. Caustic potash gave a higher 
yield than caustic soda and high temperatures could be used with less 
danger of charring. It was found, however, that a mixture of 60 i)arts 
NaOH to 40 parts KOH gave almost as high yields as KOH alone. The 
reaction seemed to take a diflPerent course when 90 parts NaOH and 10 
parts KOH were used for the fusion of 50 parts wood. At about 180° C., 
a strong exothermic reaction was started which would take the tempera- 
ture to 360° C. without further heating, although with other mixtures 
of alkalies only a slight, easily controlled exothermic reaction took place. 

A little work was done on different s[>ecies with the conclusion that 
the softwoods gave higher yields than hardwoods. Of the five species 
used one hardwood, poplar, gave almost as high yields as pine and fir 
so that there are hardly enough data to make this a safe conclusion. Heech 
and oak, however, gave considerably less oxalic acid than the other three 
species. 

It was noticed that when the fusion was made in thin layers, the yield 
of oxalic acid was generally higher than when the layers were thicker. 
This suggested oxidation as the cause of the higher yields and some ex- 
^>eriments were made in which oxidation was encouraged by a current of 
hot air over the surface of the melt and by the addition of manganese 
dioxide. In neither case, however, was there any aiipreciable effect in 
the yields. 

The maximum yield reported was 94 1 per cent oxalic acid (with 2 
molecules water of crystallization) from two softwoods fused at 240°-250° 
C. with 2 parts alkali consisting of 40 parts KOH and 60 parts NaOH. 
Most of the other yields reported from fusions under similar conditions 
were about 80-82 jx'r cent and no comment was made on the unusually 
high yields in these two cases. 

Acetic Acid from Fusion of Carbohydrates 

Cross, Bevan and Isaac ® later included some wood .samples in a general 
study of the alkaline fusion of carbohydrates. They were especially in- 
terested ia the production of acetic acid but they also determined oxalic 
acid in some cases. They used a 3 : I ratio of ixitassium hydroxide to 
carbohydrate material and found that temperatures of 200° to 250° C.* 
gave the best results. At 150° C. for 48 hours, 18 per cent acetic acid was 
obtained from wood (species not given). At 2(X)° to 250° C. (time not 

V. 5*ec Chem. Ind., 11, 966 (1892). 



266 


THE CHEMISTRY OF WOOD 


given) 28 per cent acetic acid was formed from pine wood in comparison 
with 29 to 37 per cent from other purer carbohydrate materials. At 
, 250° C. for 8 hours^, 79 per cent crystallized oxalic acid was formed from 
beech wood in comparison with 16 per cent 'from sugar. 

It was concluded that the theoretical yield of acetic acid from the 
fusion of carbohydrates was 33^ per cent although the yield of 28 per 
cent from wood was considerably more than the theoretical on the basis of, 
say, 65 per cent carbohydrates in wood. The data are not given but the 
statement is made that the “results confirm for the production of 
acetic acid those of Thorn and others for oxalic acid, i.e., the yield of 
acid is increased as the j^roportion of ' alkali to carbohydrate increases 
from 1 : 3. The yield is greater, ceteris parihm, with potash than 
with soda and intermediate yields are obtained with mixtures of the 
alkalies.” 

Formic acid was not determined but the total volatile acids were com- 
puted as acetic acid. Although it was stated that the purity of the acetic 
acid was proven by the analysis of the silver salt, yet, in view of the later 
work of other investigators reported in the next few pages, it seems that 
considerable quantities of formic acid must have been present. 

Fusion with Caustic Soda 

Mahood and Cable ® had in mind principally the production of acetic 
acid and, on account of the prevailing scarcity of caustic potash, used only 
caustic soda, so that their results might have commercial interest. The 
fusions were made in loosely covered iron crucibles. After a few at- 
tenijits to use less alkali they decided on three parts alkali to one part 
wood and used this ratio throughout. The variables were time, tempera- 
ture, and species. 

The highest yields of total volatile acids and of formic acid were ob- 
tained at lower temperatures and longer periods of time. In two runs 
at 170° C. and 12 hours time, over 15 per cent formic acid was obtained 
from white oak and long-leaf pine. In the case of hard maple and elm, 
the maximum formic acid was obtained at 200° L\ and 12 hours with 
yields of 12.2 and 13.5 per cent, respectively. At 230° C. there was still 
considerable formic acid formed during short i)eriods of heating but after 
\y, to 3 hours it began to disappear. At 260° C. there was very little 
formic acid present at any time. 

"J'he maximum yields of 21 j)er cent of acetic acid were obtained at 
260° C. in 6 hours although yields almost as large were obtained at three 
hours with the same temi>eralure and at 3-12 hours with 230° C. At 
higher tenq^eratures than 260° C. it was difficult to prevent charring and 
ignition of the charge with consequent lower yields. The greatest differ- 

* Loc. cit. 
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ence between the species was found in the yield of acetic acid, the soft- 
wood giving in all cases considerably lower yields than any of the 
hardwoods. • 

The conditions were varied with the purpose of obtcyning the largest 
possible yields of acetic acid but the oxalic acid produced was also deter- 
mined. The highest yields of oxalic acid (-f 2 H 2 O), 70 to 74 per cent, 
were obtained at 200° C. with 6 and 12 hours fusion, a large increase 
taking place between the third and sixth hour. When heating at 230° C. 
higher yields were obtained than at 200° C. up to the third hour but on 
longer heating the acid was apparently decomposed. This decomposition 
by heat is shown very plainly by the fusion at 260° C. and 290° C. at 
which temperature less than 3 jjer cent oxalic acid was obtained. In gen- 
eral higher yields were obtained from the softwood than from the 
hardwoods. 

The reactions of the formation of acetic and oxalic acids are appar- 
ently indei^cndent. They both progress together with increasing time or 
temperature until finally the amount of oxalic acid begins to decrease 
while the acetic continues to increase. The ratio of oxalic to acetic may, 
however, be as low as 1:1 at the beginning of the process and as high 
as 5 : 1 at the end, indicating that the two acids come from different 
sources. There is probably a relation between the formic and oxalic acids 
since there seems to be a tendency for the formic to decrease with time 
or temperature while the oxalic is increasing. It is very likely that formic 
acid is the primary and oxalic acid the secondary product of the decom- 
position of the wood. 

Since cellulose and sugar produce oxalic acid on fusion with alkali, 
and since wood under the same conditions produces about as much oxalic 
acid as would be expected from its carbohydrate content, it has naturally 
been as.sumed that the carbohydrates in wood are the only source of oxalic 
acid. Both soda and sulfite pulp liquors have been shown to furnish 
oxalic acid on fusion with alkali but here again the yields were about 
what would be expected from the carbohydrate content.^ In order to 
determine directly the possibility of lignin yielding oxalic acid on fusion 
with alkali, Hagglund “ and Heuser ‘ used lignin isolated by concentrated 
HCl and found no oxalic acid among the products. Before Ilagglund’s 
later j>ublication, however, Heuser and Winsvold “ reixirted that by better 
analyticaUmethods they had found 20 per cent oxalic acid. In later pub- 
lications Heuser with Winsvold and Hermann has rejiorted an exhaus- 

’ Heuser, Roesch and Gunkcl, Celluloscchcmie, II, 13 (1921). 

* Arkiv Kemi. Mineral Gcol , 7, 15 (1918), and Inst fur Ttakcmi, No 2 (1922). 
The latter article was also published in Celluloscchcmie, IV, 73 (1923). 

^ Cellulosechcmie, II, 113 (1921). 

^ Cellulosechemie, IV, 49 and 62 (1923), and V, 1 (1924). 
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tive series of experiments on the alkali fusion of lignin and wood and 
given a very good bibliography of the subject. Most of the remainder 
of this chapter wilbbe taken directly from these articles. 

Erdmann “ was the first to discover the presence of aromatic sub- 
stances in the products of the alkali fusion of wood. He^ worked with 
residues isolated from wood which are now known to liave been mixtures 
of cellulose and lignin so that many of his conclusions were incorrect. 
His rei)ort of the formation of protocatechuic acid and pyrocatechol has, 
however, been frequently confirmed. 

Lange “ also made his experiments on indefinite fractions of wood 
but he was the first to designate as “lignic acids’" the precipitate obtained 
on neutralizing with dilute sulfuric acid the filtered water solution of the 
melt. A large jnrt of this precipitate was soluble in alcohol and a part 
of the alcohol solution could be reprecipitated by ether. The composition 
of these complex acidic substances has not been studied further and the 
term “lignic acids” is still used to designate a considerable ixirtion of the 
products of the alkali fusion of lignin and wood. 

Most of Heuser’s experimental work has been done with lignin isolated 
from spruce wood by the Willstatter method. About ten times as much 
K(.)H as lignin. was used and the fusions were usually made at 240°-290° 
C. When the fusions were made in a nickel crucible and in the presence of 
air, about 20 per cent oxalic acid (water free), 16 per cent protocatechuic 
acid, and 2 per cent pyrocatechol were formed. By excluding the air with 
hydrogen or nitrogen, the formation of oxalic acid was almost entirely 
prevented and at the same time the yields of protocatechuic acid and 
pyrocatechol were increased to 18 per cent and 5 per cent respectively. 
By using an iron crucible and excluding the air no oxalic acid was formed, 
the yield of pyrocatechol was increased to 21 ])er cent and the pyro- 
catechuic acid decreased to 10 per cent. The effect of an iron crucible in 
the presence of air was in the same direction of lowered yields of oxalic 
acid and protocatechuic acid and increased yield of pyrocatechol but not 
to the same extent as when air was excluded. 

Apparently the protocatechuic acid is the precursor of both the oxalic 
acid and the pyrocatechol in this reaction because the fusion of pure proto- 
catechuic acid gives both the other products, as much as 20 per cent oxalic 
acid in the jircsence of air and 26 per cent pyrocatechol when fused in iron 
in i^resence of hydrogen. The conversion of the first- formed proto- 
catechuic acid into pyrocatechol during the fusion of the lignfn can be 
greatly reduced by adding ammonium carbonate to the melt. The highest 
yield of protocatechuic acid, 23.5 per cent, was obtained with ammonium 

Annalcn dcr Chemic, Krgan/iinRs I’and V, 22.3 (1867). 

J^hysioJ Ch , 14, 15 and 217 (1890) These publications arc discussed in 
more detail in Chapter 3, Tart II. 
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carbonate present. Carbon dioxide gas passed into the crucible did not 
have the same effect, however. 

Usually about 30 per cent “ligiiic acids” were ^rnicd. Not much 
effect on the yield was observed when iron or nickel crucibles were used* 
or with atntbspheres of hydrogen or air. An atmosphere of carbon 
dioxide, however, increased the yield to 56 per cent and a low tempera- 
ture fusion at 170°-210° C. gave 88 per cent lignic acids. Such a high 
yield is an indication that the lignic acids are the precursors of most of 
the other products obtained by the alkali fusion of lignin. There is no 
proof, however, that the lignic acids obtained in 88 per cent yield are 
the same as those which are obtliined in most of the fusions to the ex- 
tent of about 30 per cent. A sample of lignic acids after separation 
from the products of one fusion was subjected to another similar fusion 
and half of it was decomposed. Unfortunately, however, the products 
of decomposition were not determined. 

In two fusions in nickel crucibles in the presence of air, the amount 
of €(>2 formed during the reaction was determined. Very little gas was 
given off during the fusion and the CO 2 was found in the form of 
KoCOa in the fused mass. About 28 per cent COj, was found, many 
times more than would be expected if it all came from the conversion 
of protocatechuic acid into pyrocatechol. Apparently most of the C’Oa 
is formed by oxidation and in fact fusion with alkali is commonly an oxidiz- 
ing reaction. 

fleuser did not report any attcmj>t to find acetic or formic acids 
among the products from lignin but stated that they occurred in negligible 
quantities. Hagglund rejxirted no acetic acid but identified formic acid 
without a quantitative determination. 

Heuser made a few fusions of jnirc cellulose for comparison with his 
lignin fusions especially to determine whether any aromatic products 
were formed. He found no protocatechuic acid, no ]>yrocatcchol, and 
not even enough of similar comiiounds to give a coloration with ferric 
chloride solution. He found also that, contrary to the experiments with 
lignin, no variation in yields was obtained by varying the metal of the 
crucible or the atmosphere surrounding the charge during fusion. The 
products obtained under varying conditions consisted of 90-91 per cent 
oxalic acid (water-free), 21-22 ix;r cent acetic acid and 1.6-2.0 i>er cent 
formic a^id. It is interesting to compare the composition of these products 
in terms of C, H and O with the raw material from which they were pro- 
duced. Taking 90 parts of oxalic acid, 21 jiarts of acetic, and 2 parts 
of formic as the products from 100 parts of cellulose, the figures in the 
following table were computed. 

Cellulose chemie, IV, 73 (1923). 
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TABLE XLVI 

Composition of Cellulose and Its Fusion Products 


^ (Computations from Heuscr's results) 



Oxalic 

Acetic 

Formic 

Total 

Cellulose 

Acid 

Acid 

Adid 

Products 

100 Parts 

90 Parts 

21 Parts 

2 Parts 

113 Parts 

44.4 

24 

8.4 

0.5 

32.9 

49 4 

64 

11.2 

1.4 

76.6 

61 

2 

0.8 

01 

2.9 


Only 32.9 i)arts C out of 44.4 parts in the original cellulose and 2.9 
parts H out of 6.1 in the cellulose are found in the products, but 76.6 
parts O arc f(jund in the products in comparison with only 49.4 j^arts in 
the cellulose. It is difficult to explain the origin of this excess oxygen 
since these yields were obtained even when the fusion was carried out in 
an atmosphere of hydrogen. 

h'inally Heuser made a series of exi)erimcnts with spruce wood, the 
results of which are given in Table XLVII. 

TABLE XLVII 

Alkali Fusions of Spruce Wood 
(From lleuscr) 


Crucible 

Atmosphere 

Oxalic Acid 
Water- free 
Per Cent 

Protocate- 
cbuic Acid 
Per Cent 

Pyro- 
catecbol 
T’cr Cent 

Acetic 

Acid 

Per Cent 

Formic 
Acid 
Per Cent 

Nickel 

Air 

65 53 

5 88 

0 47 

17.79 

0 54 


“ 

65 60 

6.10 

0 64 

18.03 

2.32 


Hydrogen 

59.80 

7.13 

0 60 

16.26 

1.08 

Iron 

59 3.^ 

2 00 

6 98 

15.36 

1.17 

“ 

“ 

59 06 

1 76 

6.80 




It may he dangerous to attempt to correlate these figures for wood 
with those previously given for cellulose and lignin, since the cellulose 
used was highly imrified and docs nut corresjiond to the total carbo- 
hydrates in wood and since the lignin after sc]>aration from the wood 
may not give the same reactions as the original lignin in the wood. 
Even though such inaccuracies are understood to he possible, yet some 
interesting calculations can be made. If it is assumed that all the carbo- 
hydrates in the wood give the same yields of oxalic acid as were given 
by the purified cellulose used by llcuser, a wood with 67 per cent 
carbohydrates would give 60.3 per cent oxalic acid from the cellulose 
.alone. This corresponds very well to the yields shown in Table XLVII 
for the fusions made in an atmosphere of hydrogen so that no oxalic 
acid was formed from the lignin. When the fusions were made in air 
*‘A probable figure for spruce wood. Sec p. 239. 
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an assumed lignin content of 28 per cent would be expected to furnish 
about 5.6 additional oxalic acid and bring the total up to 65.9 per cent. 
This theoretical yield corresponds very well to the 65.5 per cent oxalic 
acid figure in Table XLVII. * * 

In the casf of the acetic acid yields, the figures are* not so close, the 
theoretical yield (22 per cent acetic acid from 67 per cent carbohydrates) 
being only 14.7 per cent compared with the actual yield of about 18 per 
cent. It is probable, therefore, either that the pentosans in the wood 
give a higher acetic acid yield than the hexosans or that the acetyl groups 
not found in isolated lignin furnish an additional amount of acetic acid. 

In the same way the theoretioal yields of pyrocatechol and protocate- 
chuic acid can be computed. They do not approximate the actual yields 
quite so closely as in the case of the oxalic acid but the variations are 
all in the same directions as would be expected from the results with 
lignin alone. 

As was stated at the beginning of the chapter, it is difficult to cor- 
relate the work of the different investigators on account of the wide 
variations in conditions. We are in position now, however, to account 
for the different results obtained The high yields of oxalic acid re- 
ported by Heuser, 90 per cent water-free acid, are probably due to the high 
ratio of alkali to wood. He used a ratio of approximately 10, while the 
others used only 2 or 3. 

The high acetic acid yields of Cross, Bevan and Isaac are probably 
due to the fact that their acetic acid contained considerable formic acid 
and they used low temperatures at which formic acid might remain un- 
deconqxjsed. Heuser obtained higher acetic acid yields than Mahood and 
Cable and this was probably due to the higher alkali ratio and to the use 
of potassium instead of sodium hydroxide. 

One of the main points of interest in the alkaline fusion of wood 
from the standpoint of wood chemistry is the formation of aromatic 
products from the lignin, which gives at least an indication of its com- 
position. This point is very completely discussed in Heuser’s articles, 
and is referred to in Chapter 3, Part II. 




PART V 

WOOD AS AN INDUSTRIAL MATERIAL 

Chapter i 
Physical Properties 

There are several inijjortant physical ])ro]>erties of wood which are 
of direct interest in connection with chemical industrial uses of wood. 
The microscopic structure of wood must he discussed first in order to 
interpret the variations in these physical projicrties and it is also a sub- 
ject on which some information is required in order to develop certain 
points of purely chemical nature The ahsorjition of liquids by wood is 
not only an important physical ])ro])erty hut it hears closely on certain 
chemical subjects. All these proiierlies will, therefore, be discussed briefly, 
although they arc not strictly wood chemistry. 

The Structure of Wood 

Wood is homogeneous neither structurally nor chemically and a brief 
description of the structural features will, therefore, he given — just enough 
to give a general idea of the comjilexity of wood structure and its 
effect on the properties of wood. In microscopic detail the wood of 
different species c)f trees varies enough so that si)ecies, or at least groups 
of similar species, can he identified by skilled wood microscopists. These 
details are, however, out of ])Iacc in this botjk and only the larger and 
more common structure.s will be discussed here. 

Perhaps the best way to show the general structure is by means of a 
somewhat idealized enlarged drawing of a block of wood, such as Figs, 16 
and 17. Micro-photographs may give a more complete and accurate 
record of ^experimental data but they have the disadvantage of requiring 
experience for pro|X*r interpretation. 'Phese figures are the result of 
diagrammatic interpretation by experts.’ Fig. 16 re]>resents a cube oL 
. white pine wood {Piuus sirohus) about Ym inch on a side. The vertical 
direction in the block represents the vertical direction in the tree from 

‘Forest Products Laboratory, Technical Notes 209 and 210. 
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which the block was cut. Since most of the structural elements run 
in this direction, it is commonly called “longitudinal/' The direction 
represented by thejine A R is from the center of the tree toward the 
' surface and is called the radial direction. The third direction, rep- 
resented by the ^ine T 'F, at right angles to the other ^wo, is called 
“tangential.” 

The main part of the wood is seen to be made up of the walls of a 
series of longitudinal (vertical) cells. These are called the fibers or in 



Ki(j lO — .Sketch of Highly Magnilied Block of White Pine Wood. 

the strict sense, tracheids T R. The end of one series of tracheids and 
the beginning of another is shown on the left side surface R R. Con- 
tiguous tracheids possess a median wall layer in common, the middle 
lamella M L which appears as a cementing layer. The other tubular 
longitudinal spaces, larger than the cavities in the tracheids, are the 
.vertical resin canals (sometimes called resin ducts) V R D. These are 
surrounded by specialized cells, shorter than the tracheids and capable of 
secreting resin. 

The radial structures are called the wood rays M R, sometimes called 
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medullary rays. The cells making up the wood rays are much shorter 
than the tracheids and are called the ray cells. Some of these radial 
bands contain a horizontal resin canal H R D, which cqjnmunicates directly 
with a vertical canal as shown near the lower right corner of the block. 
There are ncf main structural elements leading in a ^tangential direc- 
tion but there are means of communication between the tracheids in the 
tangential direction, the bordered pits B P. There are also means of 
communication between the tracheids and the wood rays. These are 
in part small doubly bordered pits and in |>art window-like ]>its S P with 
a very narrow border and a wide pit membrane which is nothing but a 
local thinning out of the walls of the ray cells and of the tracheids. 

It should he noted that some of the tracheids are larger in cross-section 
and have relatively thinner walls than others. These larger tracheids 
are formed in the earlier part of the season’s growth and make up the 
spring wood S. The later growth of thicker walled tracheids forms 
the summer wood S M. I'he sj^ring and summer woods together form 
an annual ring A R. These hands of growth can usually he seen with 
the naked eye on the cross-section of a piece of wood. 

The other softwoods have a general structure very similar to white 
pine. Some have larger and some smaller resin canals, or they are wholly 
lacking. Hut aside from this, there are no major differences. 

The hardwoods as a class have, however, some major distinguishing 
features. These are shown in Fig. 17 which represents a cube of hard- 
wood of the .same .si/e as that in Fig. 16. Aside from the fibrous tissue 
F, which like the tracheids of the conifers, has a meclianical function, 
the hardwoods ix)ssess characteristic longitudinal structures, the vessels 
or ducts (ix)res, in cross-section) V. Ve.s.sels are connx)sitc structures 
which are made uj) of segments or cells arranged in vertical rows The 
vessel segments are shorter and much larger in diameter than the fibers 
and their cavities are joined end to end through relatively large open- 
ings S C. The hardwood fibers are generally shorter and smaller in 
diameter than the softwood tracheids. The pits in the fibers of the 
hardwoods are much smaller and hence less conspicuous than tho.se 
in the tracheids of the softwoods, hut like the latter, they are bordered, 
except in extremely thick-walled fibers. The pits in the vessels connect- 
ing with the wood rays are senii-bordered or simiilc, hut those connect- 
ing contiguous vessels are generally doubly bordered. Both kinds of pits 
are designated by P in the figure. 

The hardwoods have larger, thinner walled, fibrous tissue in the spring-, 
wood than in the .summerwood, the same as the softwoods. In addi- 
tion the hardwood springwood is sometimes further characterized by 
the presence of much larger pores than are found in the summerwood. 
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In some hardwoods, the ring porous woods, the larger pores^ are all in 
the springwood ; in others, the diffuse porous woods, the pores are more 
nearly the same sjze and are fairly evenly distributed throughout the 
ring. The wood rays M K, though larger, the middle lamella M L, and 
the annual rings <A R of the hardwoods are similar to thoie of the soft- 
woods. 

Figs. 16 and 17 apply to the structure of both heartwood and sapwood. 
Sapwood IS the name applied to the wood of the outside part of the 



Fig. 17. — Sketch of Highly Magnified Block of Hardwood. 


woody cylinder which .still function.s in the life ])rocesses of the tree. 
As new cells are added to the outer layer of .sapwood during the growth 
of the tree some of the inner cells cease to function and become a part 
of the dead heartwood. Since the cells are fully grown and Hgnified 
while they are still in the sapwood there is no marked change in struc- 
.ture when they become heartwood. The marked difference in appear- 
ance between the heartwood and .sai)wood of certain species is due to 
variations in the amount of extraneous materials present. The thick- 
ness of the sapwood layer varies with different trees of the same species' 
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due to conditions of growth. The ratio of heart to sap may also vary 
af different periods in the growth of the same tree. 

The vaHations in chemical composition of heartwood and sapwood, 
springwood and summer wood, are discussed in Part III, Chapter 6, and 
need not be ftirther mentioned here, but there is a little information on 
the location of certain chemical constituents in the microscopic structure 
of wood which should be given here. The resm is normally found only 
in the resin canals, but in abnormally pitchy wood such as the “light- 
wood’* of longleaf pine, it may l)e widely distributed in the rest of the 
wood. Another extraneous material, the storax in red g^im wood,-^ is 
located in the special cells and canals in which it is secreted and trans- 
^ ported. The water-soluble extractives, such as the tannins, are appar- 
ently well distributed throughout walls of the v^arious wood elements 
as would be expected from the even distribution of the water. When 
unusually large amounts are present, however, the solid material may 
be found in the cell cavities. Starch and other reserve foodstuffs, more 
rarely certain extraneous comixninds of unknown composition, are found 
in appreciable amount in the wood rays and in certain si)ecialized cells 
which remain living in the sapwood and extend in rows with the grain 
of the wood — the longitudinal wood parenchyma. The only data we have 
on the location of cellulose or lignin in individual wood elements or the 
walls thereof are from Ritter's work on the distribution of lignin.* He 
found that the middle lamella was comjiosed of lignin, probably entirely, 
and that considerable quantities of lignin were also distributed through- 
out the rest of the cell wall (the secondary layers). 

Aside from this we have no evidence of the location of the major 
chemical constituents of wood. We do not know whether the lignin not 
in the middle lamella, the jjentosans, or the readily hydrolyzable parts 
of the Cross and Bevan cellulose are concentrated more in one ]xirt of 
the secondary cell wall * than in another. We do not know whether the 
walls of the wood ray cells are the same in comjxjsition as those of 
the fibers or of the i)ores. They are all probably of the same general 
composition in that they are made up largely of cellulose and lignin, but 
how these may vary in projHjrties or in composition we do not know. 
There is, however, one bit of evidence that the secondary cell wall ® is 
made up of a homogeneous mixture of all of its constituents. Pure 
cellulose has an orderly arrangement of its molecules, or some other 
small aggregates, so that it transmits i)olarized light between crossed 

'Mahood and Gerry, Di'uggists' Circular, Jan, 1921. 

* Ind. Eng. Chem., 17, 1194 (1925) , cf Part II, Chapters 2, and 3. 

‘The botanists consider the middle lamella a part of the cell wall and fre- 
quently call it the primary cell wall The term “secondary cell wall” therefore 
, means that part of the total cell wall which is not middle lamela. 

‘ See p. 18. 
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Nicols. Chemical wood pulps and the Cross and Be van cellulose isolated 
from wood also transmit jxjlarized light, so that whatever constituents 
, they have making \hem different from pure cellulose are also probably 
arranged in the ^same manner as the aggregates of the pure cellulose. 
It is not at all difficult to conceive of this, since these other constituents 
are so similar to the puie cellulose chemically.® But the secondary cell 
wall, just as it occurs in wood, also transmits polarized light and it is 
carrying the same conception only a little further to assume ‘that the 
lignin molecules or aggregates are also arranged in the same manner. 
Neither the lignin in the middle lamella nor lignin as isolated from wood 
by chemical methods transmits polarized light and if the aggregates of 
lignin in the secondary cell wall were of microsco]>ic size they would ^ 
appear as dark sjxjls in the otherwise light cell wall when examined 
between crossed Nicols. 

These conclusions might be confirmed or disproved by the study of 
another optical property. C'onsiderable work has been done on the X-ray 
diffraction of pure cellulose hut not enough combinations or mixtures, 
such as those mentioned above, have been studied to throw much light 
on the arrangement of wood constituents. Herzog ' reiKjrts that cotton 
cellulose and wood pulp (conij)osition unknown) have the same X-ray 
diagrams and appear identical but he did not study the more compli- 
cated forms of Cross and Bevan cellulose from wood or the wood fibers 
themselves. There is a chance for a lately developed technic to be 
of great service to the wood chemist. 

Strength of Wood 

The strength of wood is entirely a mechanical subject and only such 
portions of it will be mentioned here as have some bearing on other parts 
of the monograph. The special literature of the subject may be found 
in various publications of the 1^'orcst Service and two recent books ® give 
good general discussions. In many physical projKirties wood varies much 
more than it does in its chemical i)roperties and the various strength 
factors are among these variable physical prf)perties. In fact if the 
chemist were forced to draw his conclusions from such variable data as 
the timber testing engineer obtains, he would need to be more of a 
mathematician than he usually is in order to obtain the correct averages. 
The sixicific gravity, the rate of growth, the projxDrtions of sgringwood 
and summerwood, cross grain, spiral ' grain, knots, checks, case harden- 
diig, the part of the tree from which the sample comes, are some of 
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the variables which affect the strength. In Fig. 19 it is shown how moisture 
content affects one strength factor and other strength factors may be 
affected more or less. It is not unreasonable, therc^fore, that the engi- 
neer is conservative in comparing strength values of different si^ecies,* 
that he refujits to base any conclusi»)n on a small nuifiber of tests, and 
that he uses a high factor of safety in specifying timbers for construction 
work. 

As might be expected from its structure, wood shows different me- 
chanical properties in different directions. Its sliearing strength is lower 
in the longitudinal direction but it has a higher crushing strength and 
tensile strength in this direction.* Further, it splits more easily radially 
than tangentially except when the gram is interlocked. 

The various strength factors are also affected by certain conditions 
which have very little apparent effect on the wood otherwise. The very 
beginning of decay which can be detected only by a microscopic ex- 
amination may have considerable effect on the strength. Temix^ratures 
slightly below 100” C., such as may be used in kiln drying ojierations, 
if continued for a long time may have a noticeable effect on the strength 
of wood and temperatures of 110° to 120° C. may have a rapid and severe 
effect. 

Wood is very slightly pla.stic at ordinary temperatures as is .shown by 
the fact that a solid briquet can be made from sawdust by high pres- 
sure. In the vicinity of 100° C. and m the presence of steam some 
species become so plastic that they can be readily bent and retain the dis- 
torted shai^e after cooling. 

Penetrability 

^'he ease with which liquids can be forced into wood is of interest 
chiefly in connection with pre.servative treatments or with chemical re- 
actions like the ]Hilping processes where it is desired to bring the reagent 
into contact with all parts of the cliq). Most of the available data were 
obtained in experiments in treating wood with coal-tar creosote. There 
is very little correlation ixissiblc between i>enetrability and structure and 
there are several conflicting theories as to ju.st how creosote or other 
liquids pass into and through wood under pressure. We will, therefore, 
state the generally acce])ted facts in reganl t<i treatment with creosote 
and leave the details of experiments and theory to the .sjiecial literature 
on the subject.® 

The ixiiietration of creo.sote into wood under pressure is very much 
greater in the longitudinal direction than in either of the other direg- 
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tions and there is commonly little difference between radial and tangential 
penetration. Sapwood is commonly easier to treat than heartwood. 
Summerwood is commonly easier to treat than springwood, especially in 
* softwoods. Dry or partly dry woods are easier to treat than green 
woods. There is •a wide variation in the ease of penetratiofi of different 
species. 

There is one satisfactory relation between structure and i)enetration. 
Red oaks, for instance, are very easily penetrated in the longitudinal 
direction through the i)ores, while white oaks with very similar struc- 
ture are very difficult to jienetrate. This difference is due to the fact 
that the pores of white oak are obstructed by peculiar, thin-walled, 
irregular, growths called tyloses (not shown in Fig. 17). In wood with 
pores not obstructed by tyloses the longitudinal jx^netration takes place 
through the pores but in hardwoods with obstructed pores, the path of 
the liquid is a subject of controversy. The debate hinges on whether 
or not the membranes of the bordered pits are perforated ixTmitting 
liquids to ]>ass from one tracheid to another. 

Obviously, there is a great need for further information on the 
mechanism of the passage of liquids through wood. Much of this in- 
formation may be obtained by purely structural, microscopic studies, but 
further information is also required on the transfusion of liquids absorbed 
in the cell wall which may be called a physical or physico-chemical study. 

Specific Heat 

Only one set of determinations of the sjxjcific heat of wood has 
been made. Dunlap^” found the average sixjcific heat of several sj^ecies 
between 0° and 106” C. to be 0.327. As might be expected from our 
information on the relatively slight variability of chemical comjxjsition of 
the cell walls of different si)ecies, he found little variation in specific 
heat and recommended the value 0.327 for all sjiecies. This is probably 
a safe average to use for all species except tliose which may contain 
unusually large amounts of extractive materials. 

Specific Gravity 

In the same way it might l^e expected that the actual specific gravity 
of woocl substance would vary only slightly in different species. Dunlap “ 
found a variation from 1.50 to 1.57«in several sj^ecies deterpiined at 
30° C. The determinations were made by floating the samples in a 
q^ilcium nitrate solution of such a concentration that the small particles 
of wood neither rose nor sank and then determining the density of 

*«For. Serv. Bull 110 

A(/r Research, II, 423 (1914). 
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TABLE XLVIII 

Specific Gravity and Shrinkage of Some Typical American Species 

Specific* Shrinkage 

Gravity, from Green 

Oven-dry, to Oven-dry 

Based on Condition 


Common and Botanical Name 


Locality where *3 
Grown > 


1 

2 

3 

4 

5 

6 

7 

Hardivoods 

Alder, red (.tlnus orcynna) 

Washington 

0 37 

0.43 

12.6 

44 

73 

Ash, black (Fraxiuus nigra) 

Michigan, 

Wisconsin 

.46 

.53 

152 

5 0 

00 

Ash, green {Praxinus lanceohita) 

Missouri, 

Ivouisiana 

.52 

.61 

12 5 

4 6 

7.1 

Aspen {Populus Iremuloidcs) 

Wisconsin 

.36 

42 

11 1 

3.3 

69 

Basswood (7)//a amcncana) 

Pennsylvania, 

Wisconsin 

.33 

.40 

15K 

66 

9 3 

Beech (Fagus atropumcca) 

Indiana, 

l*cnnsylvania 

0 54 

0 66 

162 

48 

10.6 

Birch, yellow (lictula lutca) 

Pennsylvania, 
W 1 scon sin 

54 

.66 

168 

7.4 

9.0 

Chestnut (t astnnra dt'nialo) 

Maryland, 

I'cnnessee 

.40 

.46 

11.6 

34 

6 7 

Cottonwood (Fopulns dcitoidcs) 

Missouri 

.37 

43 

14.1 

3 9 

92 

Elm, white (Uhnus amcricana) 

WhACoiisin, 

Pennsylvania 

44 

.54 

14 4 

42 

9.5 

Gum, red (Liauidamhur stxraci- 

Aua) 

Missouri 

.44 

.53 

150 

52 

9.9 

Hickory, big shellbark (lliioria 
laciniosa) 

Mississippi, 

Ohio 

62 


19 2 

7.6 

12.6 

Hickory, pignut (Hicoria glabra) 

Ohio, 

Mississippi, 
Pennsylvania, 
W. Virginia 

.66 


17 9 

7.2 

11.5 

Maple, sugar (Airr saccharum) 

Indiana, 

Pennsylvania, 

Wisconsin^ 

.56 

66 

14 5 

48 

9.2' 

Oak, white {Quercus alba) 

Arkansas, 

Louisiana, 

Indiana 

.60 

.71 

15 8 

53 

9.0 


ingential (Per Cent of 
Dimensions when Green) 
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TABLE XlNlll— Continued 




Specific 

Shrinkage 



Gravity, 

from Green 



Oven-dry, 

to Oven-dry 



Based on 


Condition 






1 

/-N 





o ^ 

^ OJ 

S'? 

O u 



c 

o 

(U 

9 

B 

a> 

Cent 
en Gr 

V 

•+H OJ 

o t 

go 
O g 



me when Gr 

ime when Oy 

1.. j= 

E 

il 

5| 

U S' 

PM s 

O 

« g 

b, JS 

CM ^ 

w <n 
C 

o 

cd '3 

li 


Locality where 


"q 




Common and Botanical Name 

Grown 




pii 


1 

2 

3 

4 

5 

6 

7 

Conxjers 







Cedar, Port Orford (Lhamccty^ 







pans lawsoniana) 

Oregon 

.41 

.47 

10 7 

5.2 

8.1 

Cedar, western red {Thuja ph- 

Washington, 






lata) 

Montana 

.31 

.34 

8 1 

2.5 

5.1 

Cypress, bald {Taxodium dls- 

Louisiana, 






Uchum) 

M issouri 

.41 

.47 

10 7 

3.8 

6.0 

Douglas fir (Pscudoisuga tari- 

Washington, 






folta) 

Oregon 

45 

.52 

12.6 

5.0 

79 

Fir, balsam {Alncs balsanwa) 
Hemlock (eastern) (Tsuga cana- 

Wisconsin 

T ennessee, 
Wisconsin 

.34 

.41 

10.8 

28 

6.6 

densis) 

.38 

.44 

104 

3.0 

64 

Pine, longleaf (Ptnus palustris) 

Florida, 
Louisiana, 
Missi.s. ippi 

.55 

.64 

12.3 

53 

7.5 

Pine, we.stern yellow (Pinus 

Colorado, 






pondcrosa) 

M ontana, 
Arizona, 
Washington, 
California 

.38 

.42 

10 0 

39 

64 

Pine, white {f^inus strobus) 

Wisconsin 

.36 

.39 

78 

2.2 

5.9 

Spruce, white (Picea canadensis) 

New Hampshire, 






W isconsiii 

.36 

.43 

14.8 

3.7 

7.3 


the solution. This meth(xl actually gave the specific gravity of the 
wood containing the aniount of absorbed water it would holds in equi- 
librium with a calcium nitrate solution of the concentration used and the 
specific gravity of dry wood sub.stance was still undetermined. On account 
of the swelling of wood when- it absorbs water, it is difficult even to 
decide whether these values are too high or too low. It may also be 
that the variations noted between different species were not due to varia- 
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tions in the specific gravity of the dry wood but rather to variations in 
the amount of water absorbed or in the amount of swelling. 

It is interesting to note that one determination was made at 35“ C. 
and the specific gravity found to be higher than that of the same wood ' 
at 30° C. Sifice more water is absorbed at lower temperatures (see last 
section of this chapter) this indicates that the water is absorbed with 
a decrease in gravity and that the values given above are lower than that 
of dry wood. On the other hand, some recent determinations have 
been made of the sj^ecific gravity when in contact with l^enzene and carbon 
tetrachloride which arc supposed to be very much less absorbed than 
water and in these cases the figufes found were very close to 1.475. It 
cannot be assumed that there is no adsorption of these liquids, so this 
figure of 1.475 is still not the true specific gravity of wood substance 
although it is probably much nearer the true value tlian the 1.50 to 1.57 
found by Dunlap. It is also probable that the higher specific gravity for a 
higher temperature reported by J )un]ap was due to an exi:>erimental error. 

The apparent s^xicific. gravity of wood (i.c., the specific gravity of 
wood in its entirety) varies widely as would be expected from its cellular 
.structure. The proportion of air spaces to wood substance, a purely 
structural variation, accounts for most of the variations in the apparent 
specific gravity of wood but the i>resence of extraneous materials either in 
the cell cavities or absorbed in the cell walls may also increase the api>ar- 
ent specific gravity. Table XLVllI shows the variation in apparent 
specific gravity of a few important American species.'*' Much wider 
variations are found among tropical species. 

Conductivity 

The few available data on the conductivity of heat by wood are given 
in Table XLIX, taken from the Smithsonian I’hysical Tables. The first 
six values are for “kiln dried” wood and no statement is made in re- 
gard to actual moisture content or to the direction in the wood in which 
the measurements were matle. Probably, however, these conditions were 
the same with all species and if so the figures give a satisfactory com- 
parison of several sj^iecies with varying density. As would be exi^ected 
from the cellular structure of wood, the heat conductivity decreases with 
increasing air spaces (with decreiising sjiecific gravity). Somewhat the 
same relation between density and conductivity is shown in the next six 
values determined by another investigator. Here again neither the moisture 
content nor the direction in the wood are given and the high conductivity 
of greenheart in comjiarison with lignumvitje may be due to differences 

“ Stamm, Unpublished report, For Prod. Lab 

“Newlin and Wilson, Dept. Agr. Bull. 556, 1917. The original table gives 
specific gravity, shrinkage, and various strength factors for 126 species. 
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in these variables or to a higher conductivity of the extraneous mate- 
rials in the former species. The conductivity increases with temperature 
^ in all these species except greenheart.. This again indicates that the high 
* conductivity of this si>ecies is due to something besides wood substance. 
The only figifres we have on variation of conductivity^ in different 
directions are by h'orlics ** (reported in Landolt and Hornstein) and by 

TABLE XLIX 


Thermal Conductivity of Wood 


Grams-calorics 

per sec. through thickness of 1 cm 
difference of temperature 

“ per cm.* 

for V C. 

Wood 

Density of 

, Conductivity 

Total Wood 

at 20“ C. 

at 100“ C. 

Cypress 

0.46 

.00023 


White Pine . 

0.50 

.00027 


Mahogany . . . 

0.55 

.00031 


Virginia Pine 

0 55 

.00033 


Oak 

0 61 

.00035 


Hard Maple . 

071 

.00038 


Basswood . . . . 

0 90 

.00036 

.66641 

Greenheart . . . 

1 08 

.00112 

.00110 

Lignumvita* . 

1.16 

.00060 

.00072 

Mahogany . . . 

0 55 

.00051 

.00060 

Oak 

0 65 

.00058 

.00061 

Whitewood . . . 


.00041 

.00045 


Barratl (reported in Koehler s “Proj)kties and Uses of Wood’’). The 
former gives values of 0.000088 and 0.00030 for pine wood in the radial 
and longitudinal directions, resiiectively. 'The latter gives 0.00016 and 
.00044 for red gum wood “acro.ss the fiber” and ‘‘along the fiber” re- 
si^ectively without stating whether the former direction was radial or 
tangential. 

It is very evident that more experimental work is needed on this 
subject and that the moisture content of the wood and the direction of 
the measurement through the wood should be known in order to make the 
results satisfactory. 

Much the same unsatisfactory condition exists in the data on the 
electrical conductivity.^" Apjxirently jierfcctly dry wood is a very poor 
conductor of electricity so that even a small amount of absorbed water 
increases the conductivity \ery much. All of the available figures are 
valueless since they were obtained on wood with unknown mois^ture con- 
tents and the very wide variations are probaldy due to different moisture 
contents. It appears probable from these figures, however, that the 

** Proc. Roy. Sor. lldmhuryh, 8, 62 (1872-75). 

'^Ptoc. Phys Soc. London, 27, 81 (1914) 

“Mnllcr, Elcctroicch. Z , 13, 72 (1842) Pierce, Proc. Am. Acad. Arts Sci. 30 
390 (1894). Curtis, Bur. Standards Bull. 11, 359 (1915). 
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electrical like the he^it conductivity is ^much greater in the longitudinal 
<^rection than in the other directions. 

TABLE L 

Coefficient of Expansion of Wood 
Change in length per unit lei^gth per degree C. 

Longitudinal Radial Tangential 


Red Oak 3.6 X 10 * 29 3 X 10 • 41.9 X 10-* 

Yellow Birch 2.5 X KP 27.2 X 10-" 30.0 X 10-* 

Yellow Poplar 1.7 X 10 " 24.2 X 10 " 26.7 X 10 • 

White Pine 3.8 X Kh* 

Yellow Pine 3.8 X 10 * 

Black Walnut 3.2 X 10 * 


Thermal Expansion 

The first v^ork on the expansion of wood by heat was done with a 
special apparatus designed for use with metals and the investigator had 
no means for controlling^ the moisture content of the wood during the 
•experiments. lie realized the imj^rtance of this point and admitted 
that the results were not accurate. The expansion also was measured 
in only two directions, parallel to the fiber and across the fiber, with- 
out determining whether the latter direction was tangential or radial. 
This work, however, indicated strongly that tlie expansion across the fiber 
was much greater than jiarallel to the filler. 

The later work which was c'ariied out under carefullly controlled 
moisture conditions is recorded in Table L. 'I'hese results show a con- 
siderable variation between sjiecies but the general conclusion can be 
drawn that the exjxinsion is much less in the longitudinal than in either 
of the other directions and slightly less in the radial than in the tangential 
direction. The same general relation holds here that is found in the case 
of swelling with the absorption of water. 

Absorption of Water 

This is al.so a subject on which we have little experimental data al- 
though the absorption of water by wood has an immense practical bear- 
ing in connection with the drying, shrinking and swelling of wood as 
well as on its strength. We have only three bits of fundamental data 
on which,to ba.se any conception of the wood-water relationship: (1) the 
total heat of absorption of water by wood in presence of excess water is 
known; (2) the moisture content of wood in equilibrium with air at dif- 
ferent humidities and at two different tenPl>eratures has been determined; 

” Glatzel, Poqg. Ann., 160, 497 (1877). 

"Unpublished report by C. A. Meiuel, Forest Products Laboratory (1921). 
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(3) it has been found that the strength of wood decreases with increase 
of moisture content until a certain maximum moisture content is reached 
but beyond this ppint moisture has no effect on strength. There are 
a large number of miscellaneous observations which are of assistance in 
working out the ‘general theory but much of the evidence required for a 
satisfactory development of the^ picture is lacking. 

One difficulty encountered at the start is the complex structure of 
wood which gives it different properties in different directions. An- 
other difficulty is that much of the experimental work has been done 
on blocks of some size so that the condition of equilibrium at the surface 
has been confused by the effects of transfusion within the block. We 
believe that the l3est way to develop the subject is first to discuss from 
a purely theoretical standpoint the equilibrium between wood substance 
and water and then try to correlate the conclusions with the structure of 
wood and with some of the facts in regard to the absorption of moisture 
by wood. 

Wood has a positive heat of absorption for water. Only the total 
heat with excess water has been determined and the amount of heat given 
off during the absorption of various small amounts of water is not known. 
Dunlap found the total heat of absorption at 0^ C. to be 16.6 to 19.6 
calories j^er gram of wood of three different species. Not enough deter- 
minations were made to conclude whether there is any regular variation 
between different species or to determine what effect different conditions 
of drying might have. 

A ix)sitive heat of absorption would be expected from the previously 
known fact that wood contains moisture when in equilil)rium with air 
even at low humidities. The only quantitative expression of this fact 
that we liave is given in Fig. 18-" The data for the two temperatures 
were obtained by different investigations with different methods and, 
therefore, are not strictly comparable. Curve A, although it is stated 
to give values at 24° C., is really the result of determinations made at 
room temperature with variations of 5-6° C. on either side of 24° C. 
Curve B is an average of results on five s[jecies at four or five humidities 
for each species but the data are not a cry satisfactcjry on account of 
the wide variations from the average. The two curves are, however, 
sufficiently comparable and accurate for the purpose of this qualitative dis- 
cussion. Curve A indicates that a maximum absorption is reached at 
ordinary temperatures when the moisture content of the wood*^ comes to 
about 33 per cent. The data on the effect of moisture on the strength 

s. 

Unpublished report, Forest Products Laboratory, 1912. 

* Curve A is an average curve for seven species of wood as determined by 
M. E. Dunlap, Forest Products Laboratory, 1919. Curve B is taken from an un- 
published report by McKenzie, Forest Products Laboratory, 1912. 
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of wood also show a similar saturation point at 21 to 34 per cent moisture. 
Fig. 19 gives some typical data of this kind.®^ Here we have curves which 
intersect straight lines at points which indicate the limit for the absorp- 



Fig. 18. — Moisture Contents of Wood in Equilibrium with Atmosphere of Varyiii}? 
Humidity and Temperature. 

tion of wSter by wood at least in so far as the absorption affects the 
strength of the wood. 

On account of the fact that there is a positive heat of absorption of* 
water by wood, we would cxj^ect the amount of absorption to be greater 

”Ticmann, For. Serv. Circ., 108 (1907). 
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From these few data, therefore, it seems that water is absorbed by 
wood with lowering of vapor pressure and giving off of heat up to a 
limit or saturation point. As is the case with other absorptions of 
volatile liquids by solids, the exact mechanism is not known. It may 
be condensation in small capillaries, or surface adsorption on a peculiar 
fine structure existing in wood, or the ^ater may form a .solid solu- 
tion with the wood entering into the cry.stalline structure of the cell 
wall or perliaps there may not be any essential difference between these 
mechanisms. At least for the purp{)se of further discussion, it does not 
make much difference which type of absorption is assumed. 

The absorption of water by wc^d is probably not completely reversible 
although it may be reversible over most of its range There are evidences 
that a wood once com]>letely dried or subjected to high temperatures with- 
out complete drying may not absorb water so rapidly nor reach so high a 
moisture content at the same humidity as before. There are no quantita- 
tive figures on this subject nor even any data to show th(‘ relative effects of 
complete drying and high temi>eraturcs. 

We are now forced to conijdicate this fairly simple and satisfactory 
picture of the absorption of water by wood substance by bringing in the 
subject of wood structure. The ui>t)er ends of the curves in Fig. 18 
are not quite so accurate as they seem to he. "J'here is an apparent equi- 
librium hut not a true one where thc.se lines seem to show an equilibrium 
moisture content of wood in contact with air of 100 jier cent humidity. 
The determinations of relative humidity from which these curves were 
drawn were not accurate enough to show the exact course of the curves 
near this jx^int hut there arc other data to indicate that they do not 
actually reach the Aapor pressure of jmre water until the moi.sture con- 
tent of the wood is far beyond Z2 ])er cent. McKenzie-^ found that 
blocks of .sjiruce wood 1 inch x 1 inchxf) inches held at 12° C. in air 
saturated with water vapor, took up 43.2 per cent water in 79 days and 
the absorption was still taking place although slowly. The rate of absorp- 
tion in blocks of this size is affected by the transfusion of the moisture 
from the surface to the interior so that the absorption curve cannot be 
readily interpreted. It will not be given here but is enough to note 
that the absorption had gone far beyond the saturation jxiint for wood" 
substance as previoirsly determined. If our jjrevious conclusions in re- 
gard to the saturation ixiint of wood substance are correct, this addi- 
tional absorption must be /lue to the wood structure. 

We have seen that wood is made up largely of small cells. The open 
spaces inside these cells may he as small as 0 01 mm in diameter through-^ 
out most of their length and perhaps muclj .smaller neqr the ends. They 
are, therefore, small enough to act as capillary spaces and hold water 

“Unpublished report, Forest Products Laboratory. 
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at a reduced vapor pressure. In a water saturated atmosphere, there- 
fore, these capillaries may condense water and the structure of wood 
may accordingly a^:count for the absorption beyond the saturation point 
of the wood substance. A capillary even as small as 0.001 mm in diameter 
will, however, rdduce the vapor pressure of water contained in it by only 
0.1 per cent that of pure winter, or 0.1 |^r cent reduction in relative 
humidity and this is a unit too small to plot on the scale of Fig. 18. This 
explains the apparent equilibrium between wood and water-saturated air 
when the moisture content of the wood has reached about 30 per cent. 
The absorption of water by the wood substance, which has a compara- 
tively large effect on the vapor pressure of the absorbed water over 
most of its range, is nearly finished and the condensation of water in 
the microscopic capillaries of the wood structure, which has but a slight 
effect on the vapor pressure, is just beginning at the time this apparent 
equilibrium is reached. If we could obtain the wood in homogeneous 
form without the cell structure, it would probably reach an equilibrium 
with water-saturated air similar to that shown in Fig. 18. Schorger’s 
gelatinized wood offers the possibility of such an experiment. This 
gelatinized wood, in which the fibrous structure had been destroyed, was 
found to he slightly more hygroscopic than ordinary wood in contact 
with low-humidity air. This confirms the previous conclu.sions that the 
fibrous structure of wood has no effect on the equilibrium between wood 
and air at low humidity. 

The swelling and shrinking of wood substance as it absorbs or gives 
off water was not discussed from the theoretical stiindpoint without ref- 
erence to wood structure, as was done in the case of the heat effect and 
the moisture equilibrium, because we really have no data on this sub- 
ject. It is difficult to obtain data on swelling which may not be affected 
by the structure or, in the swelling of a block of wood as it absorbs 
moisture, to divorce the effects due to microscopic structure from those 
due to sub-microscopic structure. It need only be noted in this con- 
nection that the swelling and shrinking of wood take place only below 
the saturation limit of wood for water in conformation with the effect 
of moisture on strength and the apparent equilibrium between wood and 
water-saturated air. In other words, water held in the microscopic cell 
cavities does not cause any swelling of the wood. 

The data on the shrinkage of wood shows that there is a great differ-* 
ence in the amount of shrinkage which takes place simulta^ieously in 
the three directions. The shrinkage of different species when drying 
from the green wood to dry condition varies from 5.1 to 12.6 per cent 
in the tangential direction and -from 2.2 to 7.6 per cent in the radial 
Eng. Chem., 15 , 812 ( 19231 . 
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direction.®* The longitudinal shrinkage was not determined in this set 
of experiments but it is very much smaller than either the tangential 
or radial shrinkages, usually being about 0.1 to 0.3 per cent in total shrink- ^ 
age from the green to dry condition. It is evident from these figures 
that the effect* of shrinking cannot be due to the struclUire of the wood. 
That is, if wood substance shrinks equally in all directions, it is im- 
possible to account for such variations as are found for the shrinkage 
in the three directions in wood. If, however, it is assumed that each 
fibrous cell in wood shrinks more in cross section than in length, then 
the structure, in conjunction with this assumption, explains the known vari- 
ations. Most of the cells of wood (the fibers and vessels) are arranged 
with their long axes in the longitudinal direction. If, therefore, these 
cells shrink mostly in cross section, the resulting shrinkage in a block 
of wood will be mostly in the radial and tangential directions. There 
are, however, other cellular aggregates of smaller size, the wood rays, 
in which the cells are arranged with their long axes in the radial direc- 
tion. If these cells also, shrink only slightly in the direction of their 
long axes, they will tend to prevent the shrinkage of the wood in this, 
the radial, direction. The stmeture of the wood, therefore, correlates 
very well with the assumption of directional shrinkage in the cell walls 
in explaining the greater shrinkage in the tangential than in the radial 
direction and the relatively very small shrinkage in the longitudinal 
direction. 

This assumption of directional shrinkage is not without value in other 
fields. We have seen that the molecules or other small aggregates of 
cellulose in the cell wall are arranged in an orderly pattern and that 
possibly some of the other cell wall constituents are arranged in the same 
pattern. It has already been suggested on p. 289 that the water absorbed 
by wood enters into this arrangement of molecules or other aggregates 
and if it enters in such a way as to spread them apart in a direction 
radial or tangential to the long axis of the fiber, the directional swell- 
ing we have been assuming would be the result. Here is another subject 
on which X-ray diffraction research might be of great value to the wood 
technologist and here also is a suggestion to the worker in that field 
that the moisture content of his material may have an important influ- 
ence on his results. 

The increase in cross-sectional area with the amount of moisture 
absorbed practically a straight line relation between zero moisture con- 
tent and the saturation point.®® This is not what would be expected 
when we consider that the reduction in the vapor pressure of the absorbed 

• ' 

“See Table XLIX. There are certain species which show more or less shrink- 
age than these. 

"Goss, Forest Service Bull. 122, 1913. 
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water follows a curve that is distinctly S-shaped. Apparently, there- 
fore, there is no direct relation between the reduction in vapor pressure 
and the amount swelling due to the absorbed water. It would be of 
interest to be able to obtain a graphic representation of the relation be- 
tween amount water absorbed and the heat of absorption. 

The evidence is incomijlete^in regard to the reversability of the shrink- 
ing and swelling with moisture changes. In Forest Service Bulletin 122, it 
is reported that rc-absorptioii of 8 jxjr cent water after drying at 100° C. 
caused a swelling only very slightly less than that found for 8 per cent 
water before drying. On the other hand, steaming wood at 28 ix)unds 
pressure for 20 hours was found totdccrease the swelling to only about 
one-half that of unstcamed wood when the two were compared between 
the same (but unknown) two conditions of atmosjdieric humidity. Less 
moisture was present in the steamed wood after coming to equilibrium 
and the difference in swelling was due partly to difference in amount of 
moisture absorbed and partly to variation in the relation between moisture 
content and swelling. A chemical change due to hydrolysis might also 
account for these changes in swelling and moisture absori)tion 

In the previous discussion, we have develoi>ed the subjects of the 
vapor pressure, swelling, and heat effects when water is absorbed by 
wood and it might be thought that these subjects were all that were 
required for a discussion of the drying of wood. But here again the 
structure of the wood is the controlling factor in the process. Under 
the same conditions of tem|ierature and humidity of the surrounding air 
wood dries more ra[)idly from a transverse surface dian from a tangential 
surface and more rapidly from a tangential than from a radial surface. 
This is not due to any differences in the vapor pressure of the water 
on these surfaces but to the fact that the water on the very surface is 
quickly removed and the rate of drying is then affected mostly by the 
rate cit which the water transfuses through wood ; in other words, water 
tran.sfuses through wood more rapidly in the longitudinal direction than 
in the radial and more rapidly in the radial than in the tangential. This 
corresjxinds again to the proportions of long cell axes in these three 
directions but we have no direct evidence that the transfusion of water 
in the cell wall is any more rapid in one direction than in another. The 
passage of water in vapor form through the cell cavities might also 
be the explanation for the more rai>id movement of the water in the 
longitudinal and radial directions .As a matter of fact we have not 
enough data on which to base any clear conception on the detailed mecha- 
nism of the movement of water through wood from a region of high 
moisture content to one of Iqw moisture content. The only aid to such 
a conception that we can procure from the purely theoretical standpoint 
* N. deW. Betts, unpublished report, Forest Products Laboratory, 1914. 
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is that the movement of water in wood from a high to a low moisture 
content will be appreciable only within the range of moisture content 
below the saturation point. Above tliis point the diffetence in the vapor 
pressure of the water between regions of different moisture content 
has been showfi to be very small, and differences in vafx)r pressure are 
at least measures of the difference in potential which causes transfusion 
as liquid within the cell wall even if they are not the actual driving 
force as would be the case in evaporation into the cell cavities and move- 
ment in the form of vapor. 

There are many interesting and important problems in connection with 
the commercial drying of wtiod which we will not consider here since they 
do not lie within the province of this book. For a discussion of these 
problems the reader is referred to the special literature of the subject.^^ 
After the previous discussions of the complexity of w(X)d structure and 
the variations in different directions of such imixirtaiit projierties as shrink- 
ing and moisture transfusion, it can readily be seen that the commercial 
drying of wood is no simple problem. 

We do not have enough data to determine whether there is a con- 
siderable and consistent variation lietwecn sfxicies in the amount of water 
absorbed by them. The curves of the different sjiecies which make up 
the average curve B in T"ig. 16 do not vary greatly one from another 
except near the upper end where, as we have seen, it is difficult to locate 
accurately the 100 per cent humidity ixiint. h'ven here the greatest 
variation in seven sjiecies is between 30 and 37 jxr cent for the satura- 
tion point. On the other hand, the curves in Fig. 17 show variations 
between 21 and 34 ]:>er cent water at the saturation point as determined 
by the effect of moisture on .strength. Only one st)ecies, longleaf pine, 
was used in both sets of ex|)eriments and it showed a saturation jxjint 
of 36 per cent by the absorption method and 21 \>ct cent by the strength 
method It is possible that variations between different samples of wood 
from the .same species may account for this difference or more likely 
the previous conditions of treatment or storage may be the ex])lanation. 
With such meagre and conflicting data, it is idle to speculate further. 

Api>arcntly w'ater is much more strongly absorbed by wood than are 
other volatile liquids but we have very little experimental data on the 
subject. In an unpublished University of Wisconsin thesis a com- 
parison was made of the rate of absorption of volatile liquids by saw- 
dust from# air saturated with the vapors of water, xylene, and kerosene. 
The rate of absorption was much more rapid in the case of water and 
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the apparent maximum was about 30 per cent instead of about 5 per 
cent for the xylene and kerosene. It was also shown that water would 
largely replace xylpne from xylene-saturated wood when the air was 
saturated with vapors of both liquids. Dunlap*® also determined the 
total heat of abs&rption of coal tar creosote and turpentiift by wood to 
be. respectively S.O and 2.3 caloijies per gram of wood. There is need for 
much more data on the absorption by wood of volatile liquids other than 
water and on the correlated subjects of swelling and transfusion. 

•Lof. ct^. 



Chapter ,2 

The Deterioration of Wood 


The deterioration of wood under various conditions of use is a very 
important subject from the standpoint of changes in chemical composi- 
tion as well as the weakening and failure of structural timbers. Only 
the changes in chemical composition and natural resistance to various 
forms of deterioration will be discussed here since only these subjects 
are directly connected with wood chemistry. The artificial treatment of 
wood to prevent deterioration is not closely related except that it may be 
considered an imitation o^the natural method of producing durable woods. 

The Decay of Wood 

The decay of wood is not a purely chemical process such as the 
Corrosion of metals or the weathering of stone, it is not simply oxidation 
or hydration, but is a profound decomposition due to the action of cer- 
tain low forms of plant life, the fungi. When wood is exixised to air, 
light and moisture there is probably a slight weathering action as shown 
by the change of color of the surface, but this is of little consequence 
and there is no information on the chemical action which takes place. 
The disintegration of wood due to “weathering” as distinguished from 
fungus attack is apparently a physical effect caused by rapid changes 
in moisture content and the consequent stresses from rapid swelling 
and shrinking. When the conditions under which it is kept are such 
that fungi cannot exist, as for instance too little or too much moisture, 
or the presence of toxic chemicals, wood will last almost indefinitely. 
Unpainted but perfectly sound original timbers can be found in build- 
ings centuries old, sound logs of other geological ages have been removed 
from glacial clays, and trunks of certain naturally durable species have 
been found almost intact hundreds of years after they have fallen, the 
minimunj elapsed time being determined by the age of another tree grow- 
ing on top of the fallen trunk. 

A detailed description of the wood-destroying fungi will not be under- 
taken since that is a biological or pathjplogical rather than a chemical 
subject. It is sufficient to state that there are a large number of species 
recognized by the pathologist and that to a certain extent each one 

295 
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specializes on a certain wood or group of woods and has its own par- 
ticular conditions under which it best thrives. They propagate by means 
of six)res and are syfficiently prevalent that any susceptible piece of wood 
« is sure to be attacked. 

The mechanism of the fungus attack is not known in* detail but it 
IS probable that the primary chemical action on the wood is due to an 
enzyme. In fact, several enzymes from wood-destroying fungi have 
been isolated and some have been named but further than that the details 
are lacking.^ It is also unknown just what chemical com|X)unds are 
elaborated from the wood by the enzyme or fungus before assimilation. 

I'he effect of decay on the physical properties of wood has, of course, 
been noted for a long time since this is such an important subject in 
connection with the use of wood under conditions where decay can take 
place. The wood may be discolored and weakened at the very beginning 
of the attack, and even before a very large amount of wood has been 
destroyed, as shown by loss in weight, it may be greatly modified in 
])hysical properties. Finally a considerable loss in weight occurs and 
only a powdery or fibrous residue is left which bears no resemblance 
to the original wood. Different sjiecies of fungi have different visible 
effects on wood, and two general classes, the brown rots, and the white 
rots, are named from the color of decayed wood. 

The chemical changes which accompany these well-known physical 
changes have been studied only recently and not in great detail. The 
first statements in regard to chemical changes during decay were made 
by the jilant pathologists as a result of studying the fiartly decayed wood 
under the microscope They found that one of the first effects was 
that the wood “tcxik the cellulose stain" which it did not do when sound 
and therefore concluded that the wood had been “delignified." It was 
not known at that time that the same kind of an effect could be obtained 
by mechanical means “ and the danger of drawing such a conclusion was 
not recognized. 

The first chemical analysis of decayed wood was made by Rose and 
Lisse in 1917.^ ^J'hey worked on .samples of sound, j>artly decayed, and 
completely decayed Douglas fir wood with the results shown in Table LI. 
According to this table the mo.st striking effects arc the increase in 
alkali-soluble constituents and the decrease in cellulose. There is also 

‘See refcrcnce.s in “The Dia^fiiosis of Decay in Wood,” by E. E. Hubert, Jour. 
Agr. Res , XXIX, 523 (192-1) Tlii.s article' akso conta'In.s a very good ofescnption 
of the action of fungi on wood from the palhological .standpoint 

* Rol)in.son, PhW Trans Roy Soc. Loud, Sene.s li, 210, 54 (1920) Roliinson 
fqund, on examining the locality where compression failure had taken place, that 
where the fibers were ruptured the> jWerc stained blue (the cellulose color) by the 
ZnCl — 1 stain. Normal wood is stained yellowish green (the lignin color) by this 
reagent. 

*y. Ind. Bng Chem., 9, 284 (1917) 



THE. DETERIORATION 6f WOOD 


297 


TABLE LI 

Analyses of Sound and Decayed Douglas Fir Wood 


Determination 

Sound 

Per Cent 

Partial Rot 
Per Cent 

Complete Rot 
Per Cent 

Cold-water-Soluble 

. . . . 4.03 

1.75* 

1.16 

Hot-water-soluble * 

. . . . 2.23 

4.19 

7.77 

Alkali-soluble 

... 10 61* 

38.10 

65.31 

Cellulose 

. . . . 58.96 

4166 

8 47 

Acid Hydrolysis 

.... 0 71 

0.28 

0.17 

Pentosan 

7.16 

6 79 

2.96 

Methyl Pentosan 

. . . . 2.64 

3 56 

6 06 

M ethoxy Group 

3 94 

5.16 

7 80 

Ether Extract 

2.71 

2 05 

2.72 

Ash 

. . 0.15 

0.15 

0 65 

* PercentaRea for “Jlol-water soluble” 

aie the Total, less 

the “Colil-wa1er-s«jluble ” 


an increase in hot-waler-soluhle, niethoxyl, and methyl ix'iitosans as 
the wood decays. Lignin was not determined hut the authors concluded 
that it had been largely modified by the decay since certain constituents 
supixjsed to be characteristic of the lignin as niethoxyl groups and methyl 
l>entosans increased in ]>roi)ortion, while others as jicntosans and acetic 
acid by hydrolysis decreased. Such a conclusion is not justified since 
even if some of the pentosans are a part of the lignin, only a small 
portion of the total pentosans may be considered as thus combined and 
variations might take jilace entirely within the pentosans not in the lignin 
Jt is also readily conceivable that the ix^ntosans in the lignin as well as 
the acetyl groups might he s])lit off witliout any considerable modification 
of the rest of the lignin. 

The next work was by Mahood and Cable * on ground wood of 
mixed spruce and balsam, sound and slightly rotted by a mixture of 
molds and wood-destroying fungi. Much the same kind of changes 
were found as those repoFted by Rose and Lisse, although the attack 
had been less severe than that on the “jiartially rotted” sample of the 
latter investigation. Lignin was also determined in these analyses and 
it was found to increase with decay as explained in the next paragraph. 

It was not until the work of Hray and Andrews appeared *’ that any 
data were available on the loss of weight and change in chemical comixisi- 
tion on the same piece of wood so that the actual ixircentage loss of each 
constituent could be determined. I’reviously the [x^rcentage of each con- 
stituent based on the sound wood could be compared with the ixircentage 
based only on the decayed wood so that a direct comiiarison could not be 
obtained. In many cases, for instance, the jiercentage of lignin was 
higher in the decayed wood than in the sound, although obviously the 
actual amount of lignin had not increased during decay. 

* Paper, 25, 1149 (1920). 

^Ind Eng. Chem., 16, 137 (1924). 
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The previous work had also been done largely on wood rotted by mix- 
tures of unknown species of fungi, while these authors used wood which 
,had been inoculated with pure cultures mostly of known species. The 
changes in composition and the loss of weight due to decay ^are shown in 
Table LI I. The percentage figures for the different constituents are all 
based on the weight of the original sound wood. Here again increases 
are found in the cold- and hot-water-soluble, and in the alkali-soluble 
constituents and decreases in the cellulose. The lignin remains fairly 
constant or decreases slightly, the small increases being almost within 
the limit of error of the determinatio/^. In one case where the loss 
of lignin was 3 per cent, this was found to be almost exactly accounted 
for by loss in methoxyl and this may also account for other smaller 
losses in lignin. In one case also where the loss of cellulose was 54 per 
cent, the loss of ][:>entosan was determined and found to be 9.5 per cent. 

In a later paper Bray ** calls attention to the relation between the 
increase in alkali-soluble material and the decrease in cellulose and shows 
that by using an empirical curve the fairly rapid and simple determina- 
tion of alkali-soluble material may indicate quite closely the loss of cel- 
lulose. This relation is close only in the case of the decay caused by 
the “brown rots.” 


TABLE LII 

Analysis of Groundwood Based on Equal Weichts of Original Sample 
(E'igures in per cent) 


I 



Organism or 

o 

Q 

o 

<u 

p 

Q 

1/1 

o 

*0 

« 

2 

p 

’o 

rt 

O 

Per Cent Aik; 
soluble 

.5 

& 

ross and Be 
Cellulose 

u 

in 

3 

'S 

U 

3-Cellulose 

Y- Cellulose 

Sample 

Culture No. 

2 

5 

X 



U 

0 

2544 

Original Wood (no 
decay) 

0 , 

0.0 

1.2 

10.1 

29.7 

60.0 

36.3 

14.7 

9.0 

100 

4620-2 

27.12 

8.1 

13.1 

40.0 

27.7 

26.8 

5.1 

18.0 

3.5 

102 

4620-2 

49.5 

7.5 

11.1 

33.4 

26 7 

10.9 


• . . 

. . . 

182 . 

.4620-2 

62.4 


6.2 

26.3 

26 7 

6.05 




130 

Pomes roscus 

10.3 

2 9 

5.7 

29 6 

30.6 

44.3 

22.6 

17.2 

s.i 

131 

E'omes roseus 

12.94 

3.2 

. 4.9 

29.2 

30.3 

43.8 




157 

I.£ntinus lepideus 

21.54 

7.5 

.11.8 

41.0 

28.8 

32.1 

16.5 

^12.6 

3.5 

158 

Lentinus lepideus 

30.31 

9.7 

15.7 

40.6 

28 6 

25.8 




106 

4620-1 

22.2 

10.8 

13 7 

40 8 

30.7 

29 0 

6.9 

19.8 

2.3 

• 107 

4620-1 

33.11 

11.1 

15 3 

416 

28.8 

18.2 




108 

4620-1 

38 63 r 

9.3 

13.0 

38.0 

28.5 

16 9 




148 

Peniophora tabacina 

13.5 

4.8 

90 

34.9 

27.7 

40.5 

22.5 

13.9 

4.2 


^ Paper Trade Journal, 78, 58 (1924). 
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In recent work ^ it has been shown that there is one fungus Trametes 
pirn, which attacks the lignin perhaps even more rapidly than the cel- 
lulose. This fact had previously been mentioned by*Johnsen and Lee* 
who stated that this organism might reduce the lignin by as much as ‘ 
30 per cent ftid increase the cellulose by 15 per cent.* These percent- 
ages are probably based on lignin and cellulose in the original wood, 
the apparent increase in cellulose being due to a much more rapid attack 
on the lignin. Unfortunately, we do not have any determinations of 
lignin in wood where the loss in weight due to the attack of this organism 
has been determined except in cases where the loss was only a few per 
cent so that it cannot be surely decided whether the apparently selective 
attack on the lignin would continue. Trametes pini belongs to the class 
of “white rots” which are supposed to attack the lignin largely and leave 
the cellulose unchanged, but cellulose determinations * on samples of white 
spruce wood subjected to the action of Polyporous hirsutus, another white 
rot, showed decreases in cellulose content of 12.2, 12.4, and 14.7 per 
cent where the loss in weight due to decay had been 9.8, 11.2, and 17.4 
per cent respectively, so tliat it cannot be a general rule that the white 
rots do not attack the cellulose seriously. 

It is noticeable in Table Li I that the total loss in weight due to 
decay is usually less than the loss in cellulose, showing that the cel- 
lulose is not consumed as such by the fungus, but is first modified 
into some solid materials which remain, at least temix)rarily, in the de- 
cayed wood. Evidently these are the materials which cause at least a 
part of the increase in the hot- and cold-water-soluble and the alkali- 
soluble constituents. We have no further information on the composi- 
tion of these intermediate products except that they are soluble in water 
and one per cent caustic soda. It is also interesting to note that there 
has apparently been a modification of the lignin or the cellulose, or both, 
so that these substances as present in the partly decayed wood have 
properties different from those of the lignin and cellulose in the sound 
wood. This is shown by the fact that in the original wood the sum of 
the lignin, cellulose, and alkali-soluble is close to 100 per cent while in 
the decayed wood the sum of these same constituents is always greater 
than 100 per cent, reaching as high as 157 per cent in the case of sample 
182 in which there had been a loss of weight of 62 per cent due to 
decay. It is noticeable also that there is a fairly close relation between 
the loss ip weight and tlie sum of those three constituents. 

That a part of this increase in alkali-soluble constituent is due to 
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a modification of the cellulose is indicated by Bray’s figures on alpha-, beta-, 
and gamma-cellulose in Table LII which show that there is a loss in 
^alpha-cellulose and ta gain in beta-cellulose due to decay. But this is 
not sufficient to explain all of the increase in alkali soluble constituents. 
In sample 182 ttte decayed wood is soluble in one per cent alkali to 
the extent of 70 per cent and )ret there is only 16 per cent cellulose in 
the sample. If all the constituents other than lignin were soluble in 
alkali, still 41 per cent out of the 71 per cent lignin would have to be 
alkali soluble in order to make up the rest of the 70 per cent which is 
alkali soluble. The lignin is, therefore, modified by the decay to the 
extent of rendering it more readily soHible in alkali than the lignin in 
the original wood. This modification might be a change in chemical 
coinpositit)!! or even an increase of surface with corresi>onding increase 
of solubility. 

Another set of analyses of sound and decayed wood in which other 
constituents were determined throws some further light on the course 
of decay in wood. This work was done on a^>ple wood infected with 
Poly.^iticius versicolor and the actual loss in weight due to decay was not 
determined, but by determining the specific gravity of the sound and 
rotted wood, it was jiossible to figure the results of the analysis of the 
rotted wood on the basis of the original .sound wood. In these analyses, 
starch, alcohol-.solublc sugars, alcohol-soluble non-sugais, hemicellulosc 
hexosans, and hemicellulosc pentosans were determinetl, the last two con- 
stituents making up the sugars formed by hydrolizing the starch- and 
extract-free wood with one ]jer cent HCl for three hours. The cellulose 
was determined on the sample from which the hemicelluloses had been 
removed. I'ollowing are the jicrccntages of the different constituents 
removed by decay : 


Cellulose 


^pentosan-free . 
ilpento.san-in . . . 


] Iemicellulo.se 


thexosans 
^ pentosans . ... 


Starch 


Mcnhol-' 


''■In.r:.;./, 


v34 Per Cent 
59 “ " 

52 “ “ 

40 “ 

18 “ “ 

31 “ " 

84 " “ 


These results corresjXDnd well with those of Hawley, Fleck and 
Richards in that the readily hydrolized ix)rtions of the Cvo.ss and 
Bevan cellulose are more rapidly attacked than the more stable cellulose 
(correst)onding to the pentosan-free cellulo.se here). It is difficult, how- 
ever, to explain the lesser attack on the hemicellulose jx^ntosans than on 

"R. G. Smith. Phvlopathology, 14, 114 (1924). 

"Loc. cit. 
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the pentosans in the cellulose. It is also of interest to note that the 
starch and the sugars are the two constituents least attacked, although 
it is generally believed that these are the first attacked and that the 
durability of a wood is largely determined by the amount of these sub-* 
stances present. 

It is probable that the fungus does not directly assimilate the wood 
constituents and transform them into water and carbon dioxide but that 
there are present at all times certain intermediate products which may 
or may not affect the chemical analysis of the decayed wood. This has 
been indicated by the considerable effect on the physical and chemical 
properties of the wood while tke loss in weight is still slight. When 
analyzing a complex material like wood and determining mainly aggre- 
gates which are in themselves comjdex, it is ix)ssiblc to have imixirtaiit 
changes in comjxisition without affecting the analysis to any great ex- 
tent. It is certain for instance that the cellulose aggregate as isolated 
from a decayed wood is of different comixisition from the cellulose from 
the sound wood, and it is probable tliJit the lignin aggregate is also differ- 
ent. In the same way it is possible that all of the hemicelluloses, the 
sugars, the pentosans, and even the starch as determined in decayed wood 
are not constituents of the original wood but that they are hemicelluloses, 
sugars, etc , formed by the fungus in its primary attack on wood, or more 
likely, they are not hemicelluloses, sugars, etc., at all, but some intermedi- 
ate compounds of similar projx^rties which respond in the same way to 
the analytical methods used. 

The attempt has been made to attribute a part of the great increa.se 
of alkali-soluble constituents to a modification of the alkali solubility 
of the cellulose and lignin, but it is not easy to accept this explanation 
for all the alkali-.soluble constituents of decayed wood. It is more diffi- 
cult, even impossible, to account for the high water-soluble content of 
decayed wood in the same way, since water-soluble lignin and cellulose 
arc more difficult of conception. The water-soluble constituents of de- 
cayed wood must, therefore, be largely intermediate comixDunds in the 
final de.struction of the wood and yet they may give the reactions for 
hemicelluloses, sugars, pentosans, or starch. Until there is more detailed 
analytical work on decayed wood, jjrobably by methods yet to be de- 
velo])ed, it is useless to speculate further on these intermediate compounds. 

The Action of Molds on Wood 

Besides the true wood-destroying fungi which cause what is commonly 
called the decay of wood, there is another class of fungi called the molds 
which grow on wood under certain conditions. The chemical action of 
these molds has been studied only in connection with the deterioration 
of ground wood pulp during storage and apparently molds are not of 
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much importance in their effect on the chemical composition of solid 
pieces of wood such as boards and timbers. Although molds may cause 
serious discoloratiop of ground wood pulp, yet they do not cause much 
' change in the chemical composition. 

In a study of ^46 samples of ground wood pulp attacked* by 19 species 
of molds for 6 to 12 months if was found that the maximum loss in 
weight of the wood was only 1.9 per cent. As in the case of the decay 
caused by the true wood-destroying fungi this total loss in weight is not 
so great as the loss in weight of a single constituent of the wood, the 
cellulose, showing that intermediate products are first formed from the 
cellulose which remain in the molded wood. In fact the attack of the 
molds is in general like the beginning of decay in that the water-soluble 
and alkali-soluble constituents are increased, the cellulose is decreased, 
and the lignin is little affected. 

The greatest increase in alkali-soluble materials due to molding was 
from a figure of 10.1 per cent in the original sound pulp to 16.5 per 
cent in the molded pulp and the greatest decrease in cellulose was from 
60.0 per cent to 55.4 per cent. 

Sap Stain or Blue Stain 

This is a fungus attack on certain si:)ecies of wood, especially the 
southern pines and hardwoods which as the name implies, is restricted 
to the sapwood. Although it decrea.ses the value of the wood due to its 
marked discoloration, yet it does not materially affect the strength of 
the wood and it therefore cannot affect the chemical composition of the 
structural part of the wood. There are no chemical analyses of sap- 
stained wood to show just what the effect has been but since the strength 
is not affected and since the organism must find some food in the wood, 
it is commonly assumed that the sapwood extractives are the only constitu- 
ents attacked. Some chemical analyses of .sapwood before and after blue- 
staining would be very interesting and possibly important. 

Destruction of Wood by the Teredo 

The teredo (Teredo navaJis) or shipworm is a mollusk which lives 
in wopd submerged in salt water. It bores holes throughout the wood 
until only a honeycomb structure may be left. Although it was long 
known that the iDorings passed through the digestive systeiji of the 
mollusk, it was not until the work of Dore and Miller that there 
was conclusive evidence of a change in chemical composition of the wood 
and of a utilization of a part qf the wood as food. From the practical 
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standpoint the attacks of the teredo and fungi are similar since both 
cause the destruction of important structural timbers. The visible effect , 
of teredo attack is, however, the actual mechanical removal of wood 
substance. 

TABLE LIII 

• Analyses of Wood Digested by Teredo Navaus 

(Original data recalculated to percentages of original wood assuming lignin 
« unchanged) 


Scries I ^ , — Series II — ^ 

Determination Wood Borings (1) Borings (2) Wood Borings 

Hemicelluloses 6.02 , 3.62 5.10 14.23 6.20 

Cellulose 54.74 11.79 10 99 47.45 10.96 

Lignin 30.60 30.60 30.60 27.84 27.84 

Furfural yield 5.37 3.32 3.22 5 90 4.26 


As might be expected from the analogy with fungus attack, the cel- 
lulose is apparently the constituent most rapidly decomposed. It was, 
of course, impossible to determine the actual loss in weight of the wood 
during the digesting process, but by assuming that the lignin was not 
changed in amount, it was possible to calculate the analyses on per- 
centages of the original wood. Table LIII shows the analyses thus 
calculated. The hemicelluloses were determined by hydrolysis of the 
alcohol-extracted wood with one per cent HCl for three hours on the 
steam bath, and the cellulose and lignin were determined on the residue 
from this hydrolysis. It is noticeable in these figures that although the 
cellulose has been largely decomixised, there are yet considerable residues 
of hemicelluloses and pentosans still present as in the case of decayed 
wood. It is not so likely in this case that some of the materials deter- 
mined as “hemicelluloses” are intermediate products in the decomposi- 
tion of the cellulose since the substance analyzed is a final product of 
digestion and the intermWiate products should have been completely 
transformed and assimilated. 

The Destruction of Wood by Termites 

Termites, sometimes called “white ants,” are responsible for the serious 
destruction of wood in tropical and semi-tropical countries. The wood 
seems to be their principal article of diet and the undigested residue 
is used in building their nests. Analyses of the original wood and the 
nests with correction for’ ash and moisture show much the same results 
aa in the case of the teredo. The cellulose is reduced from 54.6 per 
cent to 18.0 per cent and the pentosans from 18.0 per cent to 8.5 per cent 
during digestion. Lignin and alkali-soluUe determinations were not made 

”M. Oshima, Philippine J. Scl, 15, 340 (1919). 
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and there was no chance to determine the loss in weight of the wood. 
Here again the cellulose is the most readily assimilated part of the wood 
and the pentosans^ are apparently not attacked as rapidly as the other 
polysaccharides. 

The Deterioration of Wood by Chemicals 

The different kinds of deterioration of wood so far described have 
been due to natural agencies such as various forms of plant and animal 
life. There is, however, an imi)ortant deterioration which takes place 
under artificial conditions when v/ood is used in contact with chemicals. 

In previous chapters various decomixisitions by heat and chemicals 
have been described in detail but no special discussion has been given 
of such decomposition as might result from the action of various chem- 
icals in contact with wooden tanks, pipes, or other chemical apparatus. 
There are no data on the changes in chemical composition due to such 
action aiul it is difficult to draw any definite conclusions by analogy with 
the more drastic decompositions already deseffhed The conditions are 
very different in that the chemical reagent is commonly more dilute, 
or the temiierature lower, or the time much longer. Of course, we would 
exjiect the same kind of a reaction under these less severe conditions, 
hut there is no way of telling how long it would continue or how far 
it would progress. For instance in a tank containing a cold 5 per cent 
HCl solution we might expect a slow hydrolysis, but wc could not tell 
by analogy with the high teniiierature hydrolysis how much of the 
polysaccharides in the wood might he hydrolized and dissolved in a 
given time. 

The cold-water-soluhle constituents would be rai>idly dissolved wherever 
the solution could come in contact with them but the solution and re- 
moval of these constituents except from that part of the wood next 
to the inside surface of the tank would be very slow. The removal of 
extraneous matter would hardly be classed as deterioration of the wood 
but it might be imjx'jrtant in contaminating the contents of the tank. 
The main interest in the deterioration of wood by chemicals lies not 
so much in the chemical changes of the wood as in the resistance of dif- 
ferent sjH^cies to chemical action and this subject will be taken up later 
in that part of the chapter dealing with the natural durability of wood. 

The Natural Durability of Wood 

Certain species of wood such as cypress, redwood, locust, catalpa, 
the white oaks, the cedars, and certain pines are known as durable woods 
in contrast with other s]')ecies which are readily infected and decay 
rapidly. The sapwood of all speries is alro more susceptible to decay 
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than the heartwood, except in the case of those species whose heart- 
wood is practically non-resistant to decay. Except for the extraneous ma- 
terials there is not sufficient difference in the chemical composition of 
various species or of heart and sap to account for these differences in 
resistance to *decay, so that differences in durability, »f heart and sap 
at least, have been ascribed to the extractives. It has commonly been 
assumed that the presence of certain soluble and easily assimilated sub- 
stances in the sapwood such as “sugars, starches, gums, etc.,” acted as 
promoters or accelerators of decay by furnishing a ready food for the 
fungus while the absence of such substances in the heartwood made it 
difficult for the fungus to get a istart. Such a theory, however, failed 
to account for the fact that in certain sj^ecies of wood the heartwood 
decayed almost as readily as the sapwood. 

It seemed more reasonable that durability was due to the presence 
of toxic substances rather than to the alxsence of accelerators since this 
conception made it unnecessary to assume the presence of extractives in 
the heartwood of non-durable species similar to the siiecial accelerators 
of the sapwood. This conception also agreed with the facts that the 
especially durable species contained, in heartwood but not in sapwood, 
extractives of peculiar characteristics which might account for the dura- 
bility. The durability of certain species had been ascribed to the pres- 
ence of such extractives but it was not until the work of Hawley, Fleck, 
and Richards that several durable and non-durable species were studied 
from this standpoint and the general subject developed experimentally. 

The authors extracted the hot- and cold-water-soluble constituents from 
heartwood and sapwood of several species and determined the toxicity of 
the extracts for a wood -destroying fungus. Briefly, it was found that 
the hot-water extract was always more toxic than the cold-water extract 
and that the heartwood extracts were always more toxic than the sap- 
wood extracts. In general^ the toxicity of the extracts was about what 
would be exi>ected from the durability of the wood, although there are 
no figures for natural durability from which accurate comparisons could 
be made. Red oak was the only exception to this general relationship 
between toxicity of extract and durability of wood. 

It is a common opinion, based on experience, that the white oaks are 
considerably more durable than the red oaks, in fact the white oaks are 
classed as durable and the red oaks as non-durable. Yet the red oak 
and white oak cold-wat^ extracts from the heartwood had about the 
same toxTcity and the red oak hot-water extract was 76 per cent as 
toxic as the white oak. This exception can be explained only on a 
basis of the permanence of the toxic exjtracts. It is well known that 
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red oak is much more r^dily permeable to liquids than white oak and 
under the conditions where durability is tested the red oak extracts may 
be rapidly remove^d by leaching, while the white oak extracts may re- 
main for a long time in sufficient concentration to prevent decay. 

This experirr.ental work was limited to durable species which were 
known to contain considerable quantities of water-soluble tannins or color- 
ing matters and similar tests on durable woods containing oils and resins 
are yet to be made. Meanwhile, however, Bateman has shown that 
in the case of one durable species containing a resin, the toxicity of a 
part of the resin is sufficient to explain the durability of the wood. He 
found that a certain longleaf pine raiboad tie, which had been in service 
fifteen years without decay contained no zinc chloride, although it was 
supposed to have been treated with this preservative. The wood was 
distilled with steam to remove the volatile constituents of the resin, the 
turpentine and pine oil, and the toxicity of the oil was determined. It 
was found that even after long service the tie contained much more toxic 
oil than was necessary to prevent decay. It is probable that similar 
results will be obtained in testing other durable woods containing resins 
or oils. 

This subject of natural durability of woods cannot be dismis.sed with- 
out referring to the work of Zeller who after obtaining a large amount 
of experimental data concluded that there was no relationship between 
the resin content and durability of different samples of longleaf pine, 
except possibly in the case of samples containing 18 per cent or more 
of resin. Ilis method of attacking the problem was by inoculating 
samples of wood of 'different resin content with fungi and measuring the 
amount of decay by the loss in weight. His figures showed no relation 
between resin content and loss in weight, but there were several chances 
for error in his method. 

The sterilization of the samples ]>revioii^‘ to inoculation was carried 
out under just the proper conditions for removing a large part of the 
volatile oil (which Bateman has since shown to be the main toxic part 
of the resin) and therefore the sterilized wood was not comparable with 
the natural wood in its resistance to decay. Another mistake in manipula- 
tion was made when several different samples with different resin con- 
tents were put in the same culture jar for observing the effect of decay. 
Since the natural preservative in the wood was volatile the presence of 
specimens with considerable resin may have affected the growth of the 
fungus on the less resinous specimens. * 

In a previous paper Zeller reported that fungi could grow on agar 
'containing 50 per cent resin but he made the common mistake of using 

^Southern Lumberman, 115, 51 (1924). 

” /inn. Missouri Botan. Oprdens, 4, 93 (1917). 
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rosin and calling it resin. In this case the difference between rosin and 
resin lies in the presence of just those toxic oils which render the resin 
a natural preservative. Altogether there were so man^ chances for error 
in Zeller’s work that his conclusions cannot be accepted, especially in 
view of Bateman’s evidence that the oils which may remain in longleaf 
pine wood for a long time under servic^ conditions are very toxic to 
wood-destroying fungi. 

There are few exi>erimental data on the natural resistance of differ- 
ent species of wood to the action of various chemicals when used for tanks, 
pipes, and other chemical apparatus. There is, ^however, considerable 
general information on the subject obtained from the exiierience of 
the manufacturers and users of wooden tanks. The list of woods com- 
monly used for such purposes sound much like a list of woods resistant 
to decay — longleaf pine, Norway pine, white pine, Douglas fir, Western 
red cedar, cypress, redwood, oak. This similarity between resistance to 
decay and to chemical action naturally leads to the conclusions that unusual 
resistance to chemical action is also due to the extraneous materials in 
the wood. There may he no direct evidence but the indirect evidence is 
largely in one direction. A.side from the indirect evidence just given, 
there is the fact that we know of no variations in chemical composition 
(aside from these due to extraneous substances) which would tend to 
make one wood more resistant than another to chemical attack. 

The mechanism of the protection against the attack of chemicals is prob- 
ably different from that of protection against decay. We have seen that 
resistance of wood to decay is due largely to the toxic action of certain 
extraneous materials on the fungus but it is difficult to conceive that the 
extraneous material acts as a “poison” or negative catalyst of, for in- 
stance, the hydrolysis of wood by dilute acids in the cold. It seems more 
likely tjiat the extraneous material, itself resistant to the action of the 
chemical, furnishes a mecha*nical protection for the wood. This concep- 
tion is not difficult to follow in the case of the protection offered by 
resinous materials against the action of acids but it does not explain so 
readily the apparent protection by materials soluble in dilute acids against 
the action of dilute acids. We do not have sufficient data on the specific 
resistance of woods with known composition of extraneous materials 
against certain chemicals to make further s]:)eculation of this kind profitable. 

The only experimental work on this .subject is that of Hauser and 
Bahlman.^ They compared six species of wood commonly used in con- 
tact with chemicals, cypress, Douglas fir, longleaf pine, redwood, hard 
m^ple and white oak. These woods were subjected to the action of various 
concentrations of hot and cold hydrochloric, sulfuric, and nitric acids and 
caustic soda. No quantitative mea.surements of loss in strength or in weight 

“CAcw. Met. Eng., 28, 159 (1923). 
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were attempted but the general appearance and properties of the wood 
samples were noted after treatment for the same length of time. In gen- 
eral the effects of^nitric acid and caustic soda were most severe followed 
by the sulfuric and hydrochloric acids. The wood which seemed best 
to withstand thfc action of the solutions was longleaf pfiie followed in 
order by cypress, Douglas fir^ maple, oak, and redwood. 

These results are somewhat at variance with the common opinion that 
redwood is very resistant to acids and alkalies and that oak is more re- 
sistant than maple From the standpoint of the protective effect of ex- 
traneous materials in ^ic wood it would be expected that maple would be 
the least resistant of these species anck that redwood would be at least as 
resistant as Douglas fir. If we assume that the resistance is due to 
extraneous materials it is possible to explain these unusual results. It is 
known that the amount of extraneous materials may vary widely in dif- 
ferent samples of wood from the same species and possibly the amount 
of resins in the pine, cypress and fir were unusually high and the tannins 
and coloring matter in the oak and redwood samples were unusually low. 
This, however, does not offer any explanations for the good showing of 
the maple which does not contain any protective material. Apparently 
maple is resistant on account of some unknown chemical or physical 
property. ' 

More experimental work is desirable on this subject with quantitative 
determinations of the effect of the chemicals and with known amounts 
of extraneous materials in the samjdes of wood used. 

Oshima has shown that certain woods like teak and cypress pine 
immune to the attack of termites contain unusual quantities of benzene 
extract and the volatile oil from the cypress pine when injected into Jap- 
anese pine (a non-resistant wood) prevented the attack of the termites. 
Other woods strongly resistant to termites did not contain much benzene 
soluble material but no attempt was made to show whether water-soluble 
constituents might not have been resiKJiisible for the resistance. 

Certain woods such as greenheart, resistant to the attack of the teredo, 
are known to contain unusual quantities of extraneous material but no 
experimental work has been done to prove that these account for the 
durability. 


Effect of Decay on Value of Wood for Industrial 
Chemical Processes ^ 

«- With the information at hand on the effect of decay on chemical com- 
position and on the relation between chemical comix)sition and value for 
chemical processes it is now possible to speculate a little on the effect of 


"Loc. cit. 
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using partly-decayed wood in such chemical processes as pulp making and 
distillation. In the case of pulp making by the chemical processes it is 
not so necessary to speculate since some actual exijyimental data are 
available and it is only necessary to correlate the data. 

Rue, Millep, and Humphrey have made sulfite cooks on decayed 
wood of known chemical composition witji the results shown in Table 
LIV. These figures show that several samples of decayed wood although 
they contain less cellulose than sound, yet give nearly as high or even 
higher yields of pulp. This can be explained only by correlation of the 
data previously presented showing that (1) the pulp yields from wood 
correspond to the more stable part* of the cellulose (p. 238) and (2) the 
decay of wood results in the more rapid removal of the less stable cellulose 
constituents (]>. 300). The crude cellulose from j^artly-decayed wo(xl may 
therefore contain a higher jvroportioii of stable cellulose than that from 
sound wood — enough higher to counterbalance the smaller percentage of 
crude cellulose in the wood. 


TABLE LIV 

Chemical Phoi-ekiies of Partly Delayli) Puip Woods 
The samples for each species are listed in order of decreasing firmness of wood 


Solubility in 1 



Volume of 

Per Cent 



Yield of 


Discolored 

Sodium 



Screened 

Sample 

Wood 

J lydroxidc 

Lignin 

('ellulosc 

Pulp 

No. 

Fungus Per Cent 

Per Cent i 

l*er Cent 

Per Cent 

Per Cent 


BALSAM 




975-0 

None None 

93 

30 7 

57.1 

49.6 

975-3 

“Hemlock heart rot” grade 1 55 

13 6 

318 

53.9 

51.0 

975-4 

“Hemlock heart rot” grade 2 74 

14 1 

30.8 

53 9 

48.9 

975-1 

Mixed feather rots 31 

119 

31 8 

54.8 

50 6 

975-6 

Polystictus abietinus * 66 

13.3 

30 0 

54 0 

49.1 

975-5 

“Hemlock heart rot” grade 3 100 

17 6 

28 7 

53 5 

45.6 

975-2 

Fomc.s pinicola 69 

20 6 

34.5 

49.7 

40.0 


SPRUCh 




963 

None None 

10.4 

28.4 

58.4 

45.7 

975-7 

Trametespini 96 

15.6 

25 8 

59 8 

51.1 


Where the decay has progressed further (to a point where the alkali 
solubility is 17.6 per cent in comparison with 9.3 ixjr cent in the sound 
wood) eveft the stable cellulo.se has been attacked and the yield of pulp may 
be decreased. It is noticeable that the first five samples of decayed wood 
contain very nearly the same percentage cellulose, and yet the yields o^ 
pulp vary from 45.6 per cent to 51 per cenf. This indicates a considerable 

^Pulp Paper May. Can., 22, 93 (1924). 
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variation iii the composition of the material determined as crude cellulose 
in the analyses of these woods. 

In the case of, the spruce wood attacked by Trametes pmi, the per- 
centage of cellulose in the decayed wood is actually higher than in the 
sound wood shoft^ing, as has been previously mentioned, that this fungus 
may attack the lignin even moj-e rapidly than the cellulose. The slightly 
higher cellulose content of the decayed wood (only 1.4 per cent) is, how- 
ever, not sufficient to explain all of the considerably higher yield of pulp 
(5.4 per cent) and again the smaller proportion of unstable cellulose in 
the decayed wood must be used to explain the rest of the increase. 

The beginning of decay in wood is similar to the pulping process in that 
the lignin or the more easily hydrolyzed portions of the cellulose, or both» 
are removed and the yields of pulp are, therefore, not reduced. In some 
cases where the lignin has been removed to a considerable extent the yields 
of pulp per unit weight of wood may be even increased. 

The effect of decay on the value of wood to be used in a destructive 
distillation process for the production of methanol and acetic acid has not 
been determined by any experimental work, it is also difficult to come 
to any definite conclusions on this subject by theorizing since we do not 
know. enough details about the sources of the distillation products among 
the components of the wood. In the case of the methanol it has been 
shown, in Chapter 2, Part IV, that it comes from a part of the methoxyl 
groups in the lignin and it has been shown in the discussion of the effect 
of decay on chemical comixjsition that a part of the methoxyl groups in 
the lignin may be removed during decay, but we do not know whether 
these two parts of the methoxyl groups are identical. It has been sug- 
gested by Kitter (see p. 206) that the methoxyl removed during the isola- 
tion of lignin for analytical purjwses corresponds to the metlianol formed 
by destructive distillation and it would be a reasonable assumption that 
this methoxyl also corresponded to the methoxyl removed during decay, 
each being that portion most readily removed by hydrolytic processes. If 
these assumptions were true, there would be less methanol obtained by 
distillation of decayed wood than of sound wood. 

There is a little experimental evidence (]). 205) that the pentosans are 
the source of much of the acetic acid obtained by the destructive dis- 
tillation of wood and it has been shown that a jiart of the pentosans are 
removed during the decay of wood, but here again we do not know 
whether that particular part of the pentosans removed by decay is iden- 
tical with the part which is the source of the acetic acid. If the acetyl 
groups in the original wood are a source of part of the acetic acid this 
source may be somewhat decre^ed by decay since Rose and Lisse have 
shown that in the case of Douglas fir wood the “acetic acid by hydrolysis” 
cit. 



THE DETERIORATION OF WOOD * 311 

was reduced from 0,71 per cent in sound wood to 0.28 per cent in partly 
decayed, and 0.17 per cent in completely decayed wood. 

On the subject of the effect of decay on the value of wood for hydro- 
lysis by dilute acids, there are also no direct experimental data, but some • 
fairly definite»conclusions can be drawn with safety. It has been shown 
that the more readily hydrolyzed portions of the cellulose are removed by 
decay more rapidly than the stable part of *the cellulose and since the more 
readily hydrolyzed portions are the main source of the sugars, tlie sugar 
yields would be decreased. It is also likely that the proportion of ferment- 
able sugars obtained by hydrolysis of decayed wood would be different, 
but we do not have enough data ow the relative speed of removal of pento- 
sans and hexosans to predict whether there might be more or less ferment- 
able sugars formed. It might be found that some of the ill-defined changes 
in the residual cellulose due to decay (see p. 299) would make it more 
readily hydrolyzable and thus increase the sugar yields, but this is only 
a bare possibility. In the case of hydrolysis by concentrated acids, the 
decrease in total sugars would be proiwrtional to the decrease in total 
cellulose due to decay s*ince by this process of hydrolysis practically 
complete conversion of cellulose into sugar is obtained. 
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Alkaloids 
in wood 

determination of, 117 
Alnus oregona 
See Alder, red 
Alpha-cellulose 
See Cch'ulose 
American woods 
analytical data, 176, 178, 180 
summativc, 182 
.Analysis 

of wood. See Wood analysis 
Anal>i:ical data 

on heart and sap-wood of various spe- 
cies, 178, 179 
practical value of, 173 
on various species, 171, 175, 176 
on summer wood and spring wood, 
180 

Angiosperms 

differentiated from gymnosperms, 16 
Aniline 

color reaction with wood, 50 
Annual rings 
definition of, 17, 275 
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Ai^plewood 

nature of carbohydrate content, 35 
Arabinose 

wood components derived from, 34 
Argentine woods 
analytical data on, 184 
Aromatic compounds 
produced by alkali fusion of wood, 
268 

Aromatic groups 
in lignin, 54, 60 
Artificial silk 
See Rayon 
Ash 

in Cross and Bevan cellulose, 144 
determination of, 133 
Ash (wood) 
effect of decay on, 297 
lignin content of, by various methods, 
166 

yields of distillation products from. 

200, 201 

Ash, black (Fraxmus nigra) ^ 
specific gravity and shrinkage data, 
281 

Ash, green (Fraxtnus lanccolala) 
specific gravity and shrinkage data, 
281 

Ash, white 

analytical data on heart and sap-woo<l 
of, 178, 179 

spring and summer wood, analyses of, 
181 

Ash; Ashes 

See also Wood ashes 
Aspen (Populus tremuloides) 
delignification by caustic soda, 253 
NaaSCla, analytical data, 250, 251 
specific gravity and shrinkage data, 
281 • 
Avicennia 

lapachol in, 105 

“Bahia wood” {Mitragyna macrophylla, 
Hiern) 

analytical data on, 186 
Balsa {Ochroma lagopus) 
analytical data (proximate), 176 
ash content of, 119 
Baphia nitrida • 

See Bargf/ood 
Barbituric acid 

pentosan determination with, 156 
Barwood {Baphia nitida Ixidd) 
dyes from, 103 
Basswood {Tilia americana) 
analytical data on, 175 


semi drying oil in, 115 . 
specific gravity and shrinkage data, 281 
thermal conductivity of, 2W 
Beech {Fagus grandifolia) 
analytical data 8n, 175 
furfural yields from, 157 
yields of distillatfon products from, 
200, 201, 204 

specific gravity and shrinkage data, 281 
Beech {Fagus sylvatica L) 
ash content of, 119, 120 
analytical data on, 184 
lignin content of, by various methods, 
166 

Benzene soluble material 
determination of, in wood, 135 
Berbenn, 118 
Beta-cellulose 
See Cellulose 
lieiula alba 

Sec Birch, white 
Hciula lutca 

Sec Birch, yellow 
Bignoniaceae 
lapachol in, 105 
Birch 

analytical data on, 175, 184 
fuel value of, 190 

lignin content of, determined various 
methods, 166 

yields of distillation products from, 
200, 201, 204 

Birch, white {Bctula alba) 
fructose in sap of, 107 
wood gum from, 33 
Hirch, yellow (Bctula lutea) 
analytical data (proximate), 17() 
on heart and sapwood of, 178, 179 
coefficient of expansion of, 285 
pentosan content of, 34 
specific gravity and shrinkage data, 281 
Bisabolene 
in camphor oil, 114 
Black liquor 
by-products of, 247 
lignin from, 62, 64 
oxalic acid from, 267 
Bleaching 

“oxycellulosc” formation in, 260 
of wood pulps, 255, 257, 2^ 

Blue stain, 302 
Bordered pits, 275 
Borneol 

in camphor oil, ,114 
d'Rijrncol, 110 
/-Borneol, 109 
Bornyl acetate, 110 
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Boxwood 

analytical data on, 175 
Brazilein, 102 
Brazilein, hydroxy-, 102 
Brazilin, 102 
Brazil wood 
dyestuffs from, i02 
British colonial woods 
analytical data on, 18f) 

Brown rots, 296 
Brucine, 118 

Cadinenc, 110 
in camphor od, 114 
/- in copaiba oil, 115 
Calcium oxalate 
distribution in plants, llO 
Cambium 

location and function of, 17 
Campeche wood 
See Logwood 
Camphene, 109 
in camphor oil, 114 
Camphor, 109 

Camphor laurel {C who mo mum cam- 
phora F. Nees), 114 
Camphor oil, 114 
Capnc acid, 110, 11b 
Caproic acid, 116 
Caprylic acid 
in camphor oil, 114 
Carba/ola 

color reaction with wood, 50 
Carbohydrates, 106 

alkali fusion of, acetic acid from, 
265 

hydr(jgcnation of, 69 
relation to lignin, 69 
"reserve," 106, 115 
Carbonyl group 
in lignin, 55 
Carboxyl group 
in lignin, 54 
Carvacrol, 111 
in camphor oil, 114 
Caryophyllene 
in copaiba oil, 115 
Catalpa 

spring and summer wood, analyses of, 
180 

Catalyzers 

effect of, on distillation, 208 
on hydrolysis, 227 
Ga tech in, 99 

Catechol tannins, 98 ^ 

Cattle food 

from wood sawdust, 20 


Cedar, incense {Lxbocedrus decurrens) 
analytical data (proximate), 176 
analytical data on heart and sapwood 
of, 178, 179 

relation of MeO to lignin in, 171 
Cedar, Port Orford {Chatnaecyparis 
lawsonkma) 
oil from, 110 

specific gravity and shrinkage data, 
282 

Cedar, red (Jumperus virginiana L) 
oil from, 110 

Cedar, western red {Thuja plicala) 
specific gravity and shrinkage data, 
282 

Cedar, white 

analytical data on heart and sapwood 
of, 178, 179 

Cedar, yellow {Chamaccyparis noot- 
katcnsis) 

analytical data on heart and sapwood 
of, 178, 179 

analytical data (proximate), 176 
Cedar, yellow {Khodosphacra rhodant- 
nnmi Engl.) 
dyes from, 103 
Cedrene, 110 
Cedrcnol, 110 
Cedrol, 110 
Cellobiose, 25 
Cellobiose octacctate, 24 
yields of, from various woods, 28 
Cellophane, 20 
Cells, ray 
See Ray cells 
Cellulose 

alkali fusion of, and composition of 
products, 270 
alpha, ^^cetolysis of, 28 
determination, 144 
determination, value of, 174 
from wood, properties of, 28 
from different species, 176, 177, 178, 
179 

licta, determination of, 144 
from different species, 176, 177 
chemical union with lignin, theory of, 
46 

constitution of, 24 
aggregate, 26 

cotton, compared with wt od a-cellu- 
lose, 28 

compared with wood cellulose, 24, 30 
compared with wood pulp, 261 
hydrolysis of, 211, 213 
identity with wood cellulose dis- 
cussed, 28, 29 
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yields of distillation products from, 
204 

Cross and Bevan, 35, 143 
action of alkali on, 147 
a- and 3-cellulose in, 144, 176, 177 
analysis of, 143 
anal^^ical data on, 177 
ash in, 144 

contained in various species, 176, 177 
effect of hydrolysis on, 223 
furfural-yielding components of, 143 
lignin in, 144 
mannans in, 143 
methyl pentosan in, 176, 177 
pentosans in, 176, 177, 178, 179 • 

definition of, 23, 136 
determination of, See Cellulose deter- 
mination 

distillation in vacuum, 204 
distribution of, in wood, 277 
effect of decay on, 298, 300 
gamma, determination of, 144 
from different species, 176, 177, 178, 
179 • 

Green’s formula, 89 
in. heart and sapwood, 179 
hydrolysis of, by concentrated acids, 
217 

by dilute acids, 215 
in sulfite process, 238 
molecular arrangement of, 277 
molecule, size of, 25 
“ortho,” 161 

variability in amount, 128 
wood, chemical properties of, 24 
compared with cotton cellulose, 24, 
30 

constitution of, 30 
definition of, 28 

identity with cotton cellulose dis- 
cussed, 28, 29 

from various sources, properties of, 23 
Cellulose acetate, 20 
Cellulos'e determination 
bromine water method, 148, 149 
chlorate method, 175 
chlorination methods, 136, 137 
time as a factor in, 138 
by chlorine dioxide, 70, 72 
chlorine dioxide — sodium sulfite 
method, 150 

Cross affd Bevan method, 136 
modifications of, 137 
Renker’s modification of, 137 
Sieber and Walker's modification, 
140 

value of, 174 


hydrochloric acid — potassium chlorate' 
method, 148 

— potassium permanganate method, 
148 

indirect methods»for, 151 
nitric acid— potassium chlorate method, 
148 

phenol method, 148, 150 
sojJium bisulfite method, 149 
sodium chlorite method, 148 
Cellulose esters, 20 
requirements of raw materials for, 
262 

Cellulose ethers, 20 
Cellulose films, 20 
Cellulose nitrates, 20 
Cellulose wool, 20 
Cell wall 

lignin distribution in, 73, 277 
silicates in, 121 
in wood, 18 
CelHs reticulosa Miq 
indol derivatives from, 118 
Chanuiciy parts lawsoniana 
See Cedar, Port Or ford 
Cha maecyparis nootkatensis 
Sec Cedar, yellow 
Charcoal, 198 

yields from different species, 201, 
204 

Chavicol, methyl, 109 
Cherry 

fuel value of, 190 
Chestnut {Castanca dentala) 
analytical data on, 175 
specific gravity and shrinkage data, 281 
yields of distillation products from, 
200, 201 

Chestnut, Spanish {Casianea resca) 
tannin from, 98 
Chestnut oak 

yields of distillation products from, 
200, 201 
Chlorination 
delignification by, 234 
of wood, mechanism of, 234 
Chlorine number 

for lignification determination, 171 
Chloroxylonine, 118 
Cinchona alkaloids, 118 
Cinchonidine, 118 
Cineol, 109 
in camphor oil, 114 
Cinnamomum camphora 
See Camphor laurel > 

Cii^ronellol 
in camphor oil, 114 
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Coal, 173 
Cobalt thiocyanate 

color reaction with lignihed tissue, 51 
Cocobolo wood 
alkaloid in, 118 
Color reactions 
of lignin, 49, 50^ 

Combustion of wood, 187 
mechanism of, 188 
Conductivity 
electrical, 284 
thermal, 194, 283 
Coniferin, 107 
in larch, 55 
Coniferyl alcohol, 83 
Coniferyl aldehyde, 83 
Constituent groups of wood 
distribution of, 182, 183 
Copaiba oil, 114 
Cotton 

chlorination of, effect on cellulose con- 
tent of, 29 

Cottonwood (Populus dcUoidcs) 
specific gravity and shrinkage data, 
281 

C resol 

color reaction with wood, 50 
Cross and Bevan cellulose 
See Cellulose 
Cuminic alcohol 
in camphor oil, 114 
Cyanomaclurin, 105 
Cymene 

from sulfite process, 241 
Cypral, 110 

Cypress {Taxodium disttchum) 
analytical data on heart and sapwood 
of, 178, 179 

specific gravity and shrinkage data, 
282 

thermal conductivity of, 284 
resin from, 110 
Cypressene, 110 


Decay 

causes of, 295 

' effect on chemical composition, 296 
physical properties, 296 
strength, 279 
loss of weight during, 297 
mechanism of, 301 

resistance to. See IVood properties 
durability 

Similarity to pulping process, 310 
Decayed wood 
chemical properties of, 309 


for distillation, 310 
use for pulp, 309 

value of, for industrial processes, 308 
Delignification 

by acid sulfites. See Sulfite process. 

by caustic soda. See Soda process. 

by chlorination, 234 

definition of, 233 

by neutral sulfites, 249 

by sodium sulfide and caustic soda. 

See sulfate process 
by sulfurous acid, 236 
Deoxyisosantalin, 103 
Deoxysantalin, 103 
D upside tannins, 98^ 

Destructive distillation 
See Wood distillation 
products of, complete list, 199 
yields of certain, 202 
Deterioration of wood, 295 
J^iffiise porous woods, 276 
“Diketohexene” group 
in lignin, 55 
Dipentene, 109, 110 
in camphor oil, 114 
Diplienylamine 
color reaction with wood, 50 
Distillation 

See Destructive distillation 
See Wood Distillation 
Double bond 
See Ethylenic linkage 
Douglas fir (Pseudotsuga taxifolia) 
analytical data, proximate, 176 
on sound and decayed, 297 
hydrolysis of, 229 

specific gravity and shrinkage data, 
282 

springwood and summerwood, analy- 
ses of, 180 

Drying of wood, 292, 293 
“Dutch oven,” 193 
Dyes 

“brazilwood,” 102 
dihydropyran, 106 
flavanol, 103, 106 
insoluble redwood, 103 
logwood, 100 
natural, from wood, 100 
“soluble redwood,” 102 
Dyestuffs 
See Dyes 
Dyewoods, 100 


Ebony 

analytical data on, 175 
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Elm, slippery 

yields of distillation products from, 

200 , 201 

Elm, white (Ulmus americam) 
methanol yield from, 264 
specific gravity and shrinkage data, 
281 • 

yields of distillation products from, 
200, 201 
Emulsion, 107 
Essential oils 
See Oils, essential 
Ethanol 
from wood, 20 
Ether soluble material 
effect of decay on, 297 
determination of, 133 
Etliyl alcohol 
See Ethanol 
Ethylene linkage 
in lignin, 55 

Eucalyptus (Eucalyptus globulus) 
analytical data (proximatg), 176 
yields of distillation products from, 
200, 201 

relation of MeO to lignin in, 171 
Eucalyptus (Eucalyptus mannifera) 
sugars in, 107 
Eugenol 

m camphor oil, 114 
fiom lignin, by vacuum distillation, 72 
European woods 
analytical data on, 184 
analytical data (summative), 185 
Explosives 
from wood pulp, 20 
Extractives, 97 
determination of, 133 
value of, 174 

effect on durability of wood* 305 
fuel value of wood, 190 
wood distillation, 209 
indusLrial importance of, 20 
Ezo-matsu (Ptcca ajanensis) 
analytical data on, 184 

Fagus grandiHora 
See Beech 
Fagus sylvatica 
See Beech 
Fats * 

determination of, 133 
Fats in wood, 115 
<f-Fenchene 
in camphor oil, 114 
i-Fcnchyl alcohol, 109 
“Fibrose,” 45 


Fir 

analytical data on, 175 
ligmn content of, by various methods, 
166 

hir, balsam (Abl^s balsamea) • 

specific gravity and shrinkage data, 
282 • 

Fir, Douglas 

Douglas Fir 
hisetm, 103, 107 
Mavanol 
dyes, 103 
dyestuffs, 106 
Flavone 
in plants, 107 
Formic acid 

l.y alkali fusion of cellulose, 269, 27(1 
of spruce wood, 270 
formed during sulfite cooking, 241 
formed by destructive distillation, 202 
from lignin, 59 

\iclds by hydrolysis of different v/oods, 
221 

Formyl group 
in lignin, 54 
Fraxinus lane eo lata 
See Ash, green 
Fraxinus nigra 
See Ash, block 
French colonial woods 
analytical data on, 186 
“F'romager wood” (Eriodendron anfrac- 
tuosum D. C) 
analytical data on, 186 
1' ructose 
from wood, 37 
h'ucl value of wood, 190 
effect of extractives on, 190 
effect of moisture on, 191 
various species and forms, 190, 192 
Furfural 

formed during hydrolysis, 220, 223 
toimed during sulfite cooking, 241 
fiom spruce and beech, 157 
wood components from which derived, 
33 

yields of, by the phloroglucinol and 
barbituric acid methods, 157 
Furfural, hydroxymethyl, 36 
Furfural, methyl, 36 
amounts in wood, 156 
Furfural phloroglucide 
pentosan determination with, 153 
Fustic / 

5ee Old fustic; young fustic 
Fu^lin, 107 
Fustin tannide, 103 
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Galactan, ^ 

determination of, in wood, 134, .60 
mucic acid test for, 38 
£-g;alactan, 38 
, Galactose, 38 * 

from hydrolysis of wood, 36, 222, 223 
Gallotannin, 98 « 

Gamma-cellulose 

See Cellulose * 

Gas 

from wood distillation, 198 
Gelatinized wood, 290 
German woods 
analytical data on, 183 
“Gin jo” wood 
acids in, 116 
Glucosans, 36, 216 
Glucose 

decomposition of, during hydrolysis, 
224 


from hydrolysis of wood, 39, 223 
in wood, 106 
if-glucose 

in sulfite liquor, 39 
Glucose pentacetatc, 24 
Glucosides 
in wood, 107 
Glucuronic acid, 35 
“Glycolignose,” 46 
Goupia tomentosa 
acids in, 116 
Grain alcohol 
See Ethanol 
Greenheart 

thermal conductivity of, 284 
Ground wood pulp 

analytical data on sound and decayed, 
298 


Growth 

process of, in woody plants, 17 
Guaiac 

analytical data on, 175 
Guaiac wood (Bulnesia sarmienti Lot) 
oil from, 115 
Guaiacol 

color reaction with wood, 50 
Guaiol, 115 

Gum, red {Liquidambar styraciAua) 
specific gravity and shrinkage data, 
281 

yields of distillation products from, 
200, 201 
Gymnosperms 

differentiated from angiosperms, 16 
• 


Hadromal, '50 
Hseniatein, 101 


Haematoxylin, 100 
Hcematoxylon africanum, 102 
Hcematoxylon campechianum 
See Logwood 
Hardwoods 

analytical data on (proximate), com* 
pared with so^woods, 175 
analytical differences between soft- 
woods and, 134 
definition of, 16 
starch content of, 40 
structural features of, 275 
Heartwood 

analytical data on, of various species, 
r 178, 179 

ash content of, and sap wood, 119 
chemical composition of, and sapwood, 
178 

definition of, 18, 276 
Heat of combustion, 189 
effect of extraneous materials on, 190 
effect of moisture on, 190 
Hemicellulose 
definition ^f, 40 
determination of, in wood, 161 
hydrolysis of, 223 

Hemlock, eastern {Tsuga canadensis) 
specific gravity and shrinkage data, 
282 

«-Heptane, 110, 111 
Heuser's hypothesis, 24 
Hexosans 

determination of, in wood, 153 
in wood, 36 

Hickory {Hicoria ovata) 
analytical data (proximate), 176 
fuel value of, 190 

yields of distillation products from, 

200, 201 

Hickory, Kig shcllbark (Hicoria lacini- 
osa) 

specific gravity and shrinkage data, 
281 

Hickory, pignut (Hicoria glabra) 
specific gravity and shrinkage data, 
281 

“Hogged” fuel, 193 

Humidity — moisture content relation, 287 
Hydrocarbons ’ 

from hydrogepation of lignin, 69 
analytical- constants of, 71 
from lignin by vacuum distillation, 73, 
199 

Hydrolysis 

of cellulose, in sulfite process, 238 
of cotton cellulose, 211, 213 
by concentrated acids, 230 
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effect on methoxyl content, 221 
repeated, of the same wood, 224 
of wood, 211 
by concentrated acids, 230 
by dilute acids, 217 
by dilute *acids at high pressure, 
220 

by water, 218 

effect of catalyzers on, 227 
effect of decay on, 297 
with increasing ccmcentrations of 
acid, 226 

yields from different species, 229 
of wood cellulose by dilute acid, 215 
by concentrated acids, 217 
Hydropyrone group 
in lignin, 55 
Hyd rothy moquinone. 111 
Hydroxyl group 
in lignin, 53 

Hydroxymethyl furfural 

See Furfural, hydroxymethyl 

Ignition temperature, 187 
Indole, 118 

color reaction with wood, 50 
Industrial diseases 
caused by wood, 118 
Inorganic components of wood, 119 
Isusantalin, 103 
Isovaleric acid, 116 

Jackwood (Artpearpus integrifolia 
Linn) 

dyes from, 105 
Japanese woods 
analytical data on, 184 
Juglans nigra 

K»0 content of ash, 120 • 

Ketone group, 55 
Knysna boxwood 
alkaloid in, 118 

Lapachol, 105 

Larch {Larix decidua. Mill) 
ash content of, 119 
Larch, western (Larix accidentalis) 
analytical data (proxynate), 176 
hydrolysis of, 227, 229 • 

Larix occidentalis 
See Larch, western 
Laurie acid, 116 
Levulose 

from hydrolysis of wood, 36 
Libocedrus decurrens 
See Cedar, incense 


“Lightwood,” 109, 277 
“Ligneux," 44 
“Lignic’' acids, 59, 268 
Lignification • 
adsorption hypothesis of, 48 
“chemical union” •theory of, 46 
chlorine number for determination of, 
• 171 

Cross and Bevan theory of, 49 
encrustation hypothesis of, 45 
historical resume of, 44 
meaning of the term, 17 
Lignin, 43 

acetylation of, 53, 76 
acetyl derivatives of, 63, 65 
acetyl group in, 53 
“acrolein,” 81 
acrolein group in, 58 
“acrylic acid,” 82 
acylated, 76 
aldehyde group in, 55 
alkali, a-form, 62 

analytical constants of, 64, 66 
from different sources, 63 
from different woods, comparison of, 
66 

X-form, 62 

halogen derivatives of, 66 
methyl-lignins derived from, 76 
oxidation products of, 63 
alkali fusion of, 58, 267 
alpha, 81 

Klason's formula for, 90 
relation to coniferyl alcohol and al- 
dehyde, 83 

analytical constants of, 93 
isolated by acids, 61 
aromatic groups in, 54, 60, 73 
aromatic or hydroaromatic nucleus of, 
68 

beta, 82 

constitution of, 96 
from black liquor, 64 
carboxyl group in, 54 
characteristic or “constituent” groups 
of, 52 

chemical union with cellulose, theory 
of, 46 

color reactions of, 49, 50 
cause of, 233 
constitution of, 75, 89 
constitutional formulas proposed for, 
89 . 

content of, in various species, 166,176, 
• 177 • 

Cross and Bevan formula, 89 
in Cross and Bevan cellulose, 144 
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definition, need for, 172 
degradation of, 70 

derivatives of, from sulfite waste 
liquor, 77 < 

determination of. See Lignin deter- 
mination , 

"diketohexene” group in, 55 
distillation in vacuum, 204 • 

distribution of, in wood, 73, 277 
effect of decay on, 298 
ethylenic linkage in, 55 
formyl group in, 54 
free carbonyl groups in, 55 
(ireen’s formula, 89 
halogen derivatives of, 75 
m heart- and sapwood, 179 
“hemiacrolcin,” 82 
historical resume of, 44 
hydrogenation of, hydrocarbons from 
and their analytical constants, 
71 

hydrogenation (reduction) of, 68, 69 
hydrolysis of, 70 
hydropyrone group in, 55 
liydroxyl group in, 53 
inorganic salts of, from sulfite waste 
liquors, 78 

isolation by acids, 60 
isolation by alkalies, 62 
isolation from wood, 60 
ketone group in, 55 
Klason's formula, 90 
niethoxyl content of, 93, 170, 171 
rnethoxyl in, 52, 164 
origin of, 49 
oxidation of, 67 
under pressure, 60 
phenol, 67 

phenolic group in, 54 
problems concerning, 172 
rational or ‘true” values for, 164, 165 
reduction of, 68 
relation to carbohydrates, 69 
removal by sulfate process, 248 
Schrauth’s formula for, 90 
Schulze’s work on, 45 
in sulfite pulp, 239 
synthesis of, 82 
vacuum distillation of, 72 
variability in amount, 128 
“Willstatter,” 62, 67 
Lignin, acetyl, 63 
analytical constants of, 66 
Lignin, acetyldoecabromo- 
analytica^ constants of, 66 
Lignin, acetyl methyl-, 65 
anal^ical constants of, 66 


Lignin, dodecabromo- 
analytical constants of, 66 
Lignin, dodecachloro- 
anal^ical constants of, 66 
Lignin, hexachloro- 
analytical constants of ^66 
Lignin, methyl, 76 
phenylhydrazone, analysis of, 66 
Lignin, nitro 
analytical constants of, 66 
Lignin acetate, 77 
Lignin chloride, 234 
Lignin determination, 163 
?cid hydrolysis method, 171 
alkaline methods with ClOa, 167 
comparison of various methods, 61, 
166 

by difference, 166 
direct methods used, 163 
hydrochloric acid method, 60, 165 
indirect methods, 166 
from rnethoxyl content, 167 
nitric acid reduction method, 171 
phloroglucinal method, 171 
rational or true values in, 164, 165 
sulphuric acid method, 60, 163 
Lignin-S-acid, 85 
Ligninsulfonic acids 
See Lignosulfonic acids 
“Lignocellulose,” 47 
Lignol, 63 
“Lignone,” 47, 89 
“Lignone chloride,” 75, 136, 234 
“Lignose,” 46 
Lignosulfonates 
fractionation of, 81 
Lignosulfonic acid, 81 
arylamine derivatives, 56, 79 
barium i-alt, conductivity measurements 
of, 86 

P-naphthylamine derivative of, 56 
calcium salt, empirical formula, 93 
empirical formula, 78, 79 
formed in sulfite cooking, 56 
non-homogeneity of, 80 
Lignosulfonic acids, 77 
conductivities of, 85 
constituent groups in, 84 
dissociation of, 85, 86 
empirical formulas, 83 
empirical formulas of, and salts, 
87 

molecular weights of, 85 
physico-chemical studies on, 84 
salts, 78 
Lignumvitac 

thermal conductivity of, 284 



INDEX OF SUBJE€TS 


327 


</-Limonene 
in camphor oil, 114 
/-Limonene, 109 

Logwood {Campeche wood; Hamatox- 
ylon campechianum) 
dyestuff from, 100 
“Longitudinal direction,” 274 
Lumen 

and function of, 18 

Maclurin, 104 
Maclurin, cyano-, lOS 
Mahogany 

analytical data on, 175 ^ 

thermal conductivity of, 284 
Maleic acid 

and salts, in wood, 117 
Mannans 
in conifers, 36 
determination of, 37, 159 
ill hardwoods, 36 
Mannose 

bromophenyl hydrazone, 3f 
from hydrolysis of wood, 36, 218, 223 
phenylhydrazone, 37, 159 
Maple, hard {Acer saccharum) 
analytical data (proximate), 176 
calcium malate in, 117 
specific gravity and shrinkage data, 
281 

sucrose in sap of, 106 
thermal conductivity of, 284 
yields of distillation products from, 
200, 201 
Maple, silver 

yields of distillation products from, 

200, 201 

Maule color reaction, 51 
Melezitose, 107 • 

Mesquite {Frosopif julidora) 
analytical data (proximate), 170 
relation of MeO to lignin in, 171 
Methanol 

by alkali fusion, 263 
by destructive distillation of wood, 202, 
203, 206 

formed in soda process, 247 
formed in sulfite process, 241 
importation of, into U. S. in 1925, 20 
relatio^of methoxyl to {iroduction of, 

yields from different species, 200, 204 
Methoxyl 

amounts in lignin of various woods, 
171 

content of, in hard and softwoods, 170 
in various species, 176, 177 


decomposition in presence of chemi- 
cals, 208 

decrease in hydrolysis, 221 
determination, i67 
value of, 174 

distribution in cystillatioii products, 

effect of decay on, 297 
in heart and sapwood, 179 
relation to methanol production, 263 
in sulfite pulp, 241 
Methoyxl group 
in lignin, 52 
Methyl alcohol 
See Methanol 
Mcthylchavicol, 109 
Methyl furfural 
See rurfural, methyl 
Methylpentosan 
See Fentosan, methyl 
Middle lamella, 274 
composition of, 42, 73, 277 
definition of, 18, 274 
Mitragyna moirophylla 
Sec “Bahia” wood 
Moho wood 
analytical data on, 186 
Moisture 

effect on fuel value, 191 
effect on ignition temperature, 188 
Moisture content of wood 
See H'ood properties 
Moisture determination 
See Water 
Molds 

action of, 301 
Morin, 104 
Mucic acid, 160 
test for galactans with, 38 
Mulberry, white {Morns alba L) 
calcium succinate in, 117 
Naplithol 

color reaction with wood, 50 
Naphthylamines 

color reactions with wood, 50 
Narra wood {Fterocarpus spp.) 

dyes from, 103 
Narrin, 103 

Nectandra gzobosa Mes. 

skatole in, 118 
Neutral sulfites 
delignificatioii by, 249 
pulping aspen with, 250, 251 
/»-Nitraniline 

^olor reaction with wood, jO 
Nitric acid 

lignin determination with, 171 
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Nitrogen 

determination of, in wood, 133 
Nitrogen content of wood, 117 
Nitrogenous compom^nts of wood, 
117 

Oak c 

analytical data on, 175 
fuel value of, 190 * 

thermal conductivity of, 284 
Oak {Quercus pcdunculata, Ehrb.) 

MgO content of ash, 120 
Oak, black 

yields of distillation products from, 
200, 201 
Oak, led 

coeflicirnt of expansion of, 285 
Oak, tanbark (Quercus densiAora) ^ 156 
Oak, white (Quercus alba) 
analytical data on heart and sapwood 
of, 178, 179 

methanol yield from, 264 
specific gravity and shrinkage data, 281 
yields of distillation products from, 
200, 201 

Ochroma lagopus 
See Balsa 

Occupational diseases 
caused by alkaloids in wood, 118 
Oils, essential, 107 
determination of, 131 
Oils, fixed 
in wood, 115 

Old Fustic (Chlorophora tinctoria Gau- 
dich) 

dyes from, 104 
Olca europaca L. 

ash content of, 119 
Olein 

found in wood, 115 
Oleoresins, 107 
of American pines, 112 
of Indian pines, 112 
Orcinol 

color reaction with wood, 50 
Orites excclsa R. Br. 

basic aluminium succinate in, 117 
“Orriio” cellulose, 161 
Osage orange (Maclura potnpifera, 
Schn.) 

dyes from, 105 
Oxalates 
See Oxalic acid 
Oxalic acid 
by alkali fusion, 264 
of cellvlose, 269, 270 
of lignin, 267, 2^ 
of spruce wood, 270 


distribution in plants, 116 
from lignin, 59, 268 
from soda and sulfite waste liquors, 
267 

yields of, with NaOH, 267 
Palmitin • 

formed in wood, 115 
“Paracellulose," 45 
Parenchyma, 277 
Parenchymatous elements 
function of, 18 
Pectins, 41 
Pentosan, methyl 

in cellulose from different species, 
176, 177 

content of, in various species, 176, 
177 

determination of, 155, 156 
effect of decay on, 297 
in heart and sapwood, 179 
“Pentosan content" 
definition of, 35 
Pentosan determination, 153 
with barbituric acid, 156 
furfural yields from, 157 
bromale method, 158 
critical study of methods, 157 
by furfural phloroglucide precipita- 
tion, 153 

gravimetric methods, 153, 156 
phloroglucinol method, 153 
furfural yields by, 157 
objections to, 155 
volumetric methods, 158 
with thiobarbituric acid, 157 
Pentosans 
m cellulose, 35 

from different species, 176, 177 
content ©f, in various woods, 34, 176, 
177 

definition of, 33 

determination of, Sec Pentosan de- 
termination 

effect of decay on, 297 
effect of hydrolysis on, 222 
in heart and sapwood, 179 
from lignin, 70 
location of, in wood, 34 
“pentosan consent," definition of, 35 
relation to f'crmentable sugars in wood, 
229 ‘ 

removal by soda process, 247 
in sulfate pulp, 248 
decomposition of, during hydrolysis, 
223 

Phellandrene 
in camphor oil, 114 



INDEX OF SUBJE€TS 


329 




Phenol 

color reaction with wood, 50 
Phenolic group 
in lignin, 54 

“Phenol-lignin,” 67, 150 
Phlobaphenes, #8 
Phlobatannin, 98 
Phloroglucinol 

color reaction with wood, 50 
lignin determination with, 171 
pentosan determination with, 15i 
Physical properties of wood, 273 
Pu ea canadensis 

See Spruce, white • 

Picca exec Isa, Link 
SiO* in ash, 121 
Pignut hickory 

analytical data on heart and sapwood 
of, 178, 179 

relation of MeO to lignin in, 171 
Pimaric acid, 108 
Pine 

analytical data on, 175, 184* 
fuel value of, 190 

lignin content of, by various methods, 
166 

yields of distillation products from, 
204 

Pine, digger (Pinus sabiruana Dougl ) 
oleoresin from, 112 
Pine, Jeffrey (Pinus jeffreyi) 
oil from, 110 
oleoresin from, 110, 112 
Pine, loblolly (Pinus taedd) 

spring and summer wood, analyses of, 
180 

Pine, lodgepole (Pinus contorta 
Lond.) 

Oleoresin from, 113 # 

Pine, longleaf (Pinus palustris) 
analytical data (proximate), 176 
hydrolysis of, 229 
“pine oil” from, l09 
specific gravity and shrinkage data, 
282 

Pine, Pinon (Pinus cdulis Englem.) 

oleoresin from, 113 
Pine, sand (Pinus clausa, Sarg.) 

oleoresin from, 113 , 

Pine, single leaf nut (fPinus mono- 
pliylla) 
oil from, 110 
oleoresin from, 110, 112 
Pine, sugar ( Pinus lambcrtiana Dougl ) 
oleoresin from, 112 
Pine, Virginia 

thermal conductivity of, 284 


Pine, western white (Pinus monticola) 
analytical data (proximate), 176 
relation of MeO to lignin in, 171 
spring and sumffier wood, analyses of, 
180 

Pine, western yellow; (Pinus ponderosa) 
analytical data on, 126 
•(proximate), 176 
oil from, no, 112 
oleoresin from, 112 
pentosan content of, 34 
relation of MeO to lignin in, 171 
specific gravity and shrinkage data, 282 
Pine, western yellow (Pinus ponderosa 
scopulorum. Englem) 
oleoresin from, 112 
Pine, white (Pinus sirohus) 
analytical data on heart and sapwood 
of, 178, 179 

coefficient of expansion of, 285 
hydrolysis of, 229 
S*Oa content of ash, 121 
specific gravity and shrinkage data, 
282 

thermal conductivity of, 284 
Pine, yellow 

coefficient of expansion of, 285 
galactan content of, 160 
a-Pinenc, 109 
i/-a-Pincne, 110 
in camphor oil, 114 
/-a-Pinene, 110 
P-Pinene, 109 
in camphor oil, 114 
“Jhne oil,” 109 
Pines 

chemical differentiation between vari- 
ous American, 112 
Indian, 112 
I* inns excclsa 

oleoresin from, 113 
Pinus ycrandiana 
oleoresin from, 113 
Pinus khasya 
oleoresin from, 113 
Pinus hmyifolia Roxh. 

oleoresin from, 113 
Pinus merkusii 
oleoresin from, 113 
Pinus monticola 

See Pine, western white 
Pinus montaiia Mill 
Na^O in ash of, '120 
Pinus palustris 
^iee Pine, longleaf i 

Pinus ponderosa 
See Pine, ivestcrn yellow 
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Poisons 

in wood, relation to durability of, 305, 
306 

Polak wood (Ochronn) 
analytical data on, 186 
Polyporous hirsutu^, 299 
Polysaccarides 

formation of, of wood, 40 • 

in wood, 33 

f^olystiitus versicolor, 300 
Poplar 

analytical data on, 175, 184 
fuel value of, 190 

lignin content of, by various methods, 
166 

l^oplar, yellow 

coefficient of expansion of, 285 
Populus tremuloides 
See Aspen 

Potash ' 

from wood ashes, 193 
Primary wood 
See Wood 

“Pri” wood (FuntunUa africana) 
analytical data on, 186 
Piosenchymatous elements 
function of, 18 
Prosopis juliflora 
See Mesquite 
Prolocalechuic acid 
by alkali fusion of lignin, 268 
of spruce wood, 270 
by decomposition of lignin, 55 
from lignin, 59 
Proximate analysis 
Sec Wood analysis 
Pscudocedrol, 110 
Pscudotsuga taxifolia 
See Douglas Fir 
Pulp 

chemical, products derived from, 20 
Pulp wood 

chemical properties of decayed, 309 
Pyrocatechol 

by alkali fusion of lignin, 268 
of spruce wood, 270 
color reaction with wood, 50 
from lignin, 59 
Pyrogallol 

color reaction with wood, 50 
Pyroligneous acid, 198 
yield from different species, 201 
Pyrrol 

cclor reaction with wood, 50 

Quam {Schisolohium) 
analytical data on, 186 


Quassia wood 
ash content of, 119 
Quebracho Colorado 
dyes from, 103 
Quercin, 98 
Quercitannic acid, 98 
Quercitin, 103 
Quercus agrifolia 

analytical data on, 126 
Quercus densidora 
See Tanbark oak 
Quinine, 118 

“Radial direction” 
in wood, 274 
Raffinose 
in wood, 107 
Ray cells, 275 
Rayon {artificial silk), 20 
Rays, 274 

Redwood (Sequoia sempervirens) 
analytical data on, 126 
(proxiiliate), 176 
galactan content of, 160 
“Redwood” 

“insoluble” dyestuffs from, 103 
“soluble” dyestuffs from, 102 
Resenes, 109 
Resin canals, 274 
Resins, 107 
determination of, 133 
distribution in wood, 277 
solution in soda process, 247 
Resorcinol 

color reaction with wood, 50 
Retene, 108 
Rhamnose, 107 
Ring porous woods, 276 
Rosin, 108' 

differentiation of “wood” and “gum,” 
109 

Rosin acids, 108 
Safrol 

- m camphor oil, 114 
“Samba wood” (Triplochiion Johnsoni) 
analytical data on, 186 
Sandal wood (Santalum album Linn) 
oil from, 114, 

Sandarac wood (Callitris quadrivalvis 
Vent) 

oil from, 110 

Sanders wood (Pierncarpus santalinus 
L.) 

dyes from, 103 
a-Santalene, 114 
Santalic acid, 114 
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Santalin, 103 
tii-SantaloI, 114 
3-Santalol, 114 
Santalone, 114 
Santal wood 
See Sanderstj/hod 
Santene, 114 
Santenone, 114 
Sap stain, 302 
Sapwood 

analytical data on heart and sapwood 
of various species, 178, 179 
ash content of, and heart wood, 119 
chemical composition of, and hcaH- 
wood, 277 

definition of, 18, 276 
Satin wood. East Indian (Chloroxylon 
Swietenia) 

alkaloid derivatives of, 118 
Secondary wood 
See IVood 

Sequoia sempervirens 
See Redwood 
Shrinkage of wood 
See Wood properties 
data for typical species, 281, 282 
“Sibo wood” (Sarcocepkalus esculentus, 
Afzel) 

analytical data on, 186 
Silica 

in the cell wall, 121 
Silicates 

in wood and mechanical properties, 122 
"Silicious rods,” 122 
Skatole, 118 

color reaction with wood, 50 
Skeletal substances, 72, 150, 167 
“Sniafil,” 20 
Soda liquor 
See Black liquor 
Soda process, 243 
acetic acid formation in, 247 
cellulose removal in, rate of, 245 
cooking aspen by (analytical data), 253 
lignin removal in, 245 
methanol formation in, 247 
niethoxyl removal by, 245 
pentosan removal in, 247 
resin removal in, 247, 
temper^ures used in, 243 
time of cooking, 243 
‘volatile oils removed during cooking, 
245 

Soda pulps 
bleaching of, 260 
Sodium sulfite 
d^gnification with, 252 


pulping aspen with, 250, 251 
Softwoods 

analytical data on (proximate), com- 
pared with hardwoods, 175 
analytical differences between hard- 
woods and definition of, 16 
structural features of, 273 
Spe^fic gravity of wood 
See Wood properties 
data for typical species, 281, 282 
Specific heat of wood 
Sec Wood properties 
Spermatophytes 

definition and classification of, 16 
Springwood, 275 
analytical data on, 180, 182 
definition of, 17, 275 
Spruce 

alkali fusion of, analytical data, 270 
cellulose yields by different method'^, 

151 

chlorination of, effect on cellulose con- 
tent of, 29 

furfural yields from, 157 
yields of distillation products from. 
204 

Sprute {Fiica cxcclsa) 
analytical data on, 184 
Spruce, white (Picca (Otiadensts) 
analytical data (proximate), 176 
hydrolytis of, 229 
by dilute II Cl, 219 

specific gravity and shrinkage data, 
282 

“Sjiruce turpentine,” 241 
Starch 

content of, in hardwoods, 40 
distribution in wood, 277 
in medullary rays, 39 
in wood, seasonal disappeariince of, 
1('6 

Stearin 

formed in wood, 115 
Storax 

distribution in wood, 277 
Strength of wood 
See Wood properties 
Structure of wood 
See Wood structure 
Strychnine, 118 
Strychnos alkaloids, 118 
Strychnos roluhrina T., 118 
Strychnos laurina, 118 
.Succinic acid 
%nd salts, in wood, 117 
Sucrose 
in wood, 106 
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Sugar pine 

analytical data on, 126 
Sugars 

formation in $ulfitek cooking, 238 
by hydrolysis of cotton cellulose, 211, 
214 

of wood, 222 

from lignin, by hydrolysis, 70 • 

relation of pentosans to fermentable, 
229 

in sulfite waste liquors, 78, 238, 242 
in wood, 106 
“Sugar sand,” 117 
Sulfate process, 248 
lignin removal by, 248 
cellulose removal by, 248 
Sullite liquor 
See Sullite ivasie liquor 
“Sulfite — liquor lactone” 
and derivatives of, 88 
Sulfite process, 235 
acetic acid formed in, 241 
cellulose removal during cooking, 238 
effect of temperature on, 236 
formic acid formed in, 241 
furfural formed during, 241 
lignin removal, rate of, 237 
lignosulfonic acid formed in, 56 
methanol formation in, 241 
rate of cooking, 237 
resistance of species to cooking by 
242 

sugar formation in, 238 
Sulfite pulp 
analytical data on, 240 
fructose from, 38 
lignin content of, 239 
bleaching of, 257, 260 
from decayed wood, 309 
viscose from, 262 
Sulfite waste liquor 
constituents of, 78 
and constitution of lignin, 77, 78 
d-glucose in, 39 
lignin derivatives of, 77 
oxalic acid from, 267 
utHization of, 242 
Sulfurous acid 
dclignifying petion of, 236 
Summativc analysis 
See Wood analysis 
Summer wood, 275 
analvtical data on, 180, 182 
definition of, 17, 275 
Swamp oaj: * 

yields of distillation products from, 

200 , 201 


Swedish woods 
analytical data on, 184 

Tanbark oak (Quercus densiHora) 
analytical data (proximate), 176 
relation of MeO to Kgnin in, 171 
yields of distillation products from, 
200, 201 

“Tangential direction,” 274 
Tannin 
in 'alder, 99 
in chestnut wood, 98 
in cottonwood, 99 
tin dogwood, 99 
in Douglas fir, 99 
in oak bark, 98 
in oak wood, 98 
in “Quebracho Colorado,” 98 
in redwood, 99 
in western hemlock, 99 
in western larch, 99 
in western yellow pine, 99 
Tannins ‘ 
depsidc group, 98 
determination of, in wood, 134 
distribution in wood, 277 
phlobatannin group, 98 
properties of, 97 
Tar 

dissolved, 198 
settled, 198 

yields from different species, 201, 204 
Teak 

analytical data on, 175 
Tecoma wood, 122 
Tcctona grandis, L 
Na^O in ash, 120 
Teredo 

deslrucffon of wood by, 302 
effect on chemical composition, 303 
Teresantalol, 114 
Teresantalic acid, 114 
Termites 

destruction of wood by, 303 
effect on chemical composition, 303 
a-Ter|)inene, 109 
1'erpineol 

in camphor ool, 114 
a-Terpineol, 10^ 

Thiobarbitunt acid ^ 

l>entosan determination with, 157 
Thymol 

color reaction with wood, 50 
Tiha americana 
See Basswood 

Todo-matsu (Abies sachaliensis) 
analytical data on, 184 
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jj^^Toluidine * 

color reaction with wood, 50 
Tracheids, 274 
Trameies pint, 299 
Tti^elo 

yields of distillation products from, 

200, 201<i 

Turpentine, 108 
components of, 109 
“gum” and “wood,” 109 

“Umoregi” 173 
n>Undecane, 111 

iso-Valeric aldehyde, 114 
Vascular tissue, 16 
“Vasculose,” 45 
Vessels, 275 
Viscose 

from sulhte pulp, 262 
Volatile oils 
See Oils, essential 
Vulcanised fiber, 20 

Walnut, black 

coefficient of expansion of, 285 
Waste sulfite liquor 
See Sulfite waste liquor 
Water 

determination of, effect of resins on, 
130 

in presence of volatile oils, 130 
in wood, 130 

Water absorption of wood 
See Wood properties 
Water-soluble materials 
effect of decay on, 298 
Water-soluble matter 
determination of, 134 
Wattle wood (Pcltophorunu afri- 
canunt) 

analytical data on, 186 
Waxes 

determination of, 133 
“Weathering” 
of wood, 295 
Western yellow pine 
See Pine 
White ants 
See Termites 
White birch 
See Birc}i 
White Moho wood 
analytical data on, 186 
White rots, 296 
Whitewood 

thermal conductivity of, 284 


Willow 

analytical data on, 175 
lignin content of, by various methods, 
166 

Willstatter lignin m 
See Lignin, Willstatter 
Wood , 

Sec also Xylem 

analysis of. See Wood analysis 
analytical constants of, 123 
carbohydrates in, 106 
cell walls in, 18 
chemical components of, 23 
color reactions of, 50 
decomposition of, 187 
liy concentrated alkali, 263 
by heat, 194 

extraneous components of, 97 
growth processes, 17 
heterogeneity of, 18 
hydrolysis of, by dilute acids, 217 
by water, 217 

with concentrated acids, 230 
lignin distribution in, 73 
lignm fractions isolated from, 60 
primary, location of, 17 
secondary, definition of, 17 
tannins in, 97 
Wood alcohol 
See Methanol 
Wood analysis 

“acid hydrolysis” determination, 131 
“alcohol extract” material, 135 
“alkali soluble” matter, determination 
of, 134 

alkaloids, determination of, 134 
ash determination, 133 
benzene soluble material, 135 
cellulose determination in, 136, 148 
ether soluble determination, 133 
extraction methods, 135 
“extractives,” determination of, 133 
fats, determination of, 133 
“methyl number,” 126 
nitrogen determination, 133 
oils, determination of, 133 
practical value of, 173 
proximate, and chemical constitution, 
127 

European method, 126 
methods of, 124 
resins, determination of, 133 
sampling, 128 

summative methoch? of, 123, 125 
tannins, determination of, 134 
uhimate, 123 • 

analytical constants by, 123 
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volatile oil determination, 131 
water determination, by drying, 130 
water soluble matter, determination of, 
134 

wax, determination®/, 133 
Wood ashes, 119, 120, 121, 193 
Wood distillation , 

“ decayed wood for, 310 
effect of extractives on, 209 c 
exothermic reaction of, 196 
products of, 196, 199 
yields of, 200, 201, 202, 204 
relation between, and the composition 
of wood, 202 
in vacuum, 204 

yields from different species, 200, 201, 
204 

Wood Kum, 33 
Wood preservation 
and penetrability of wood, 279 
Wood properties 
chemical, effect of decay on, 296 
conductivity of electricity, 284 
heat, and specific gravity, 283 
durability, 304 
against chemicals, 304, 307 
against decay, 305 
against teredo, 308 
against termites, 308 
effect of extractives on, 305 
effect of toxic wood substances on, 
305 

effect of decay on, 296 
iiKJisturc content, and strength, 288 
effect of changes of, 292 
equilibrium with atmosphere of 
varying humidity and tempera- 
ture, 287 

and humidity relation with air, 
285 

penetrability, 279 
shrinkage, 290 
and wood structure, 290 
of typical species, 281 
reversibility of, 292 
specific gravity, 280 
and thermal conductivity, 283 
o/ typical species, 281 
specific heat, 280 
strength, and decay, 279 


and moisture content, 288 
and structure, 279 
factors affecting, 278 
swelling, 290 
reversibility of, 292 
thermal expansion, 285 
water absorption, 285«> 
and structure, 289 
heat of, 285 
mechanism of, 289 
rate of, as compared with other 
. liquids, 293 

relation to drying, shrinkage, swell- 
inp^, etc., 285 
« reversibility of, 289 
Wood pulp 
bleaching of, 255 
trcllulosc esters from, 265 
compared with cotton cellulose, 261 
effect of bleaching on, 257 
properties and composition of, 254 
Wood structure, 273 
and shrinkage, 290 
and strength, 279 
and water absorption, 289 
Wood sugar (xylose), 33 
Wood tar 
See Tar 
Woody plants 
definition of, 16 

X-ray studies 
of cellulose, 278 
of wood, 278 
of wood pulp, 278 
Xylan 

alkali fusion of, 59 
distillation products of, 206 
Xylem 

lignifjcrftion of, 16 

kicalion of, in woody plants, 17 

Yellow poplar 

analytical data on heart and sapwood 
of, 178, 179 

relation of MeO to lignin in, 171 
Young Fustic (Rhus cotinus L) 
dyes from, lp3 
rhannose from, 107 




